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ABSTRACT

Author: Vahidi Movassagh, Ehsan. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Environmental Life Cycle Impact and Complexity Assessment of Rare Earth Production
Committee Chair: Fu Zhao
Rare Earth Elements (REEs) find applications in clean energy technology, including wind
turbines, electric vehicles, and high efficiency lighting therefore, as the renewable energy market
expands, demand of REEs is anticipated to rise. However, it is well known that the production of
REEs carries large environmental burden and as a result, reducing environmental footprints of
REE production becomes critical. The first action towards reducing the environmental degradation
during production of REEs is the thorough examination of the energy requirements and
environmental emissions. To date, Life Cycle Assessment (LCA) is the standard methodology to
evaluate the environmental performance of a system, process, or product and this method
comprehensively considers all life cycle stages and their associated resource consumption and
environmental emissions.
There are limited LCA studies on REEs production. Unfortunately, even these limited
studies have issues: they comprise a small fraction of the REE life cycle, suffer from low data
quality, and may not represent typical production practice. Moreover, for many life cycle steps and
processes, no datasets are available and surrogates are frequently utilized. Given the importance
of REEs in clean energy technologies, a new life cycle inventory database that is well documented,
easily accessible, and open to customization while covering typical REEs production pathways is
highly desirable. Therefore, two major REE production pathways in China were covered in this
study: 1) bastnasite/monazite open-pit mining, beneficiation, cracking, separation via solvent
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extraction; and 2) in-situ leaching of ion adsorption clay followed by solvent extraction.
Production of REE metals and alloys were also modelled.
Since LCA develops a network of flows of resources or emissions, it is likely that emissions
or resource flows in life cycle networks can provide additional insights such as resilience and
vulnerability regarding the sustainability of products or systems which is presently not captured
by any of the aggregated metrics. Hence, this investigation used the network analysis approach as
popular technique for the study of several complicated systems to investigate life cycle networks
of rare earth elements to investigate the utility of network analysis for obtaining advantageous
information from LCA networks. The carbon dioxide emission networks were obtained from the
Ecoinvent database as well as new database compiled based on Chinese production. In the current
study, network metrics of indegree and outdegree strength, betweenness centrality, closeness
centrality, and eccentricity were utilized to study the complexity of REEs production networks.
The result of this research greatly improves our ability to identify the most environmentally
impactful materials and energy flows within REEs’ production and helps us develop new
sustainable products or processes to meet the expanding demand for rare earth elements while
improving their environmental performance more effectively.

1

INTRODUCTION

Rare earth metals and alloys play substantial roles in the development to a low-carbon,
sustainable economy (Binnemans et al., 2013). Considering the periodic table (Figure 1), Rare
Earth Elements (REEs) comprise the lanthanide series of elements from lanthanum (57-La) to
lutetium (71-Lu), together with yttrium (39-Y) and scandium (21-Sc) which have similar physical
and chemical characteristics (Castor & Hedrick, 2006; Haque et al., 2014). REEs are typically
categorized into heavy rare earth elements (HREEs, atomic numbers 64-71 plus yttrium 39) and
light rare earth elements (LREEs, atomic numbers 57-63). HREEs are less abundant and their
production rate is therefore much lower than for the LREEs (Hurst, 2010). It is worth mentioning
that Yttrium (Y) is classified as a HREEs and Scandium (Sc) is more similar to the LREEs and is
often classified in this group (Gupta & Krishnamurthy 2005).

Figure 1. Rare earth elements as a set of seventeen chemical in the periodic table.
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Contrary to the name, REEs are not in fact rare; they are abundantly available. However,
due to their low concentration and wide dispersal, their extraction, purification and production
processes are energy intensive and environmentally impactful. REEs exhibit similar properties and
usually occur together in mineral deposits with varying concentrations. As shown in Table 1
adopted from Zaimes et al. (2015), owing to the REEs distinctive structures (their 4f orbitals) and
their unique chemical/mechanical properties, they have been used in many advanced products and
industries such as hybrid vehicles, wind turbines, optics, fluorescent lightning, catalysts, lasers,
rechargeable batteries, military systems, cellphones, and ceramics (Eggert et al., 2008; Fouquet &
Martel-Jantin, 2014). Their significance in the expanding fields of high energy efficiency
applications and renewable energy technologies have led to many governments around the world
to classify some REEs as “critical materials” (Bauer et al., 2010; Tse, 2011; Papangelakis &
Moldovenau, 2014; Wubbeke, 2013; United States Geological Survey, 2014).

Table 1: Individual rare earth elements applications (Navarro & Zhao, 2014)
Atomic
Number
21

Element

Use

Scandium

aerospace framework/components,
electronics, magnets

39

Yttrium

cancer treatment drugs, satellites, TV sets, enhances strength of alloys,
jet engine turbines, lasers, high temperature superconductors, fuels
additive, energy-efficient light bulbs, spark plugs, gas mantles,
communication systems, microwave filters, lighting

57

Lanthanum

night vision instruments, camera lenses, fluid catalysts for oil
refineries, battery-electrodes, hydrogen storage, fuel cells, television,
energy storage

58

Cerium

59

Praseodymium

polishing agent, catalytic converters, diesel fuel additive, colored
glass, chemical oxidizing agent, steel production, Catalyst in
petroleum refining, glass
magnets, wind turbines, welding goggles, photographic filters, lasers,
airport signal lenses, welder’s glasses, catalyst, ceramics, coloring
pigment, electric vehicles, fiber optic cables

lasers,

lighting,

consumer
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Table 1 continued
60

Neodymium

permanent magnets, computers, wind turbines, microphones, lasers,
electric motors of hybrid automobiles, cellphones, lasers

61

Promethium

lasers for submarines, nuclear batteries,

62

Samarium

wind turbines, cancer treatment, missile and radar systems, electric
vehicles, nuclear reactor control rods, optical glass, X-ray lasers,
permanent magnets, flight control

63

Europium

fluorescent glass, lasers, color televisions, genetic screening tests

64

Gadolinium

MRI machines, shielding in nuclear reactors, power plant radiation
leaks detector, nuclear marine propulsion, increases durability of
alloys, microwave applications

65

Terbium

wind turbines, TV sets, permanent magnets, sonar systems,
florescence lamps, fuel cells, lasers, televisions, optic data recording,
electric vehicles

66

Dysprosium

electric vehicles, lasers, wind turbines, commercial lighting,
permanent magnets, hard disk devices, transducers, home electronics

67

Holmium

lasers, Microwave equipment, color glass, high-strength magnets

68

Erbium

metallurgical uses fiber optic data transmission, color glass, lasers,
signal amplification for fiber optic cables

69

Thulium

X-ray phosphors, high efficiency lasers,
superconductor, portable X-ray machines,

70

Ytterbium

improving stainless steel properties, stress gages, ground monitoring
devices, lasers

71

Lutetium

LED light bulbs, refining petroleum catalysts, integrated circuit
manufacturing

high

temperature

As the most powerful player in the REEs’ market in the world, China is currently
dominating the world’s total supply (Figure 2). Some export restrictions imposed by Chinese
government and increasing domestic demand in China for REEs have negatively affected United
States and Europe as major consumers and importers of rare-earth products in recent years and
since the remainder of the world has not actively solicited to explore new REEs supplies and
produce REEs, the global REE market will become extremely fragile in the near future (Adachi et
al., 2010; Kynicky et al., 2012; Jordens et al., 2013; USGS, 2014).

4

Figure 2. Global rare earth oxide (REO) production trends (Tse, 2011).

By diversifying supply and investing in sustainable primary mining either from new REEs
deposits or old deposits, the current supply risk can be reduced. It is worth mentioning that there
is a significant time frame for mines to come on stream and it is crucial to invest in the processing
and refining stages for the future (Humphries, 2012). One other possible option can be recycling
the existing waste streams containing of rare earth materials. Furthermore, due to the very low
concentration (e.g., less than 1%) of REEs in various wastes and crucial challenges in terms of
collection and processing of different wastes containing REEs, recycling and reuse processes
cannot accommodate satisfying the growing demand for REEs (Korinek & Kim, 2010; Chu &
Majumdar, 2012).
As explained before, China’s domination on REEs has forced other countries to explore
their supply chains for potential risks. For instance, in 2017, the European Union (EU) prepared a
national plan comprising supply risk and economic importance for recommending direct actions
be taken to support recycling programs, increase investments in R&D, and increase market
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accessibility through the European Commission’s Raw Material Supply Group. As shown in
Figure 3, the study emphasized that the REEs are the most critical raw materials group associated
with the highest supply risk. In order to promote energy efficiency and renewable resources and
to deal with climate change, the Strategic Energy Technology Plan has also been established by
the EU.

Figure 3. European criticality assessment of rare earth elements (EU Commission, 2017).

In addition, the Japanese government and Japanese firms have also looked for rare earth
mines all over Africa, Asia, and the Americas to guarantee supplies of REEs (Humphries, 2011;
Blakely et al., 2012). As shown in Table 2, several joint venture agreements and potential
partnerships have been made by the Japanese government and Japanese firms around the world
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particularly at the raw material stage. For instance, to produce LREEs, Toyota Tsusho, Vinacomin,
and Sojitu are partnering with Dong Pao project in Vietnam. Similarly, to produce LREEs, a joint
venture formed by Sumitomo Corporation and the Kazakhstan National Mining Company in
Kazatomprom in Ulba, Kazakhstan.

Table 2. REEs projects and agreements between Japan-based firms / the Japanese government and
different partners / companies to secure supplies of REEs.

REEs projects which include Japanese companies
Name

Country

REEs

Company

Plan

Planned
production

Orissa

India

Th,
LREEs

Toyota Corp.

2012
Production

4500t

2012
Production

7000t

Kazatomprom, Sumitomo
2012
Corp.
Production

3000t

Dong Pao
Ulba

Vietnam
Kazakhstan

Pitinga

LREEs Vinacomin, Toyota, Sojitu
HREEs

Neo Material Technology,
NA
Mitsubishi Corp.
REEs projects which include Japanese government

Brazil

HREEs

NA

Country

Project Name

Partner

Start

Term
(year)

Australia

Roxby Downs

Minotaur
Exploration

2007.09

3

Vietnam

Laocai

Vietnam Giv.

2007.10

3

Australia

Mabel Creek

Minotaur
Exploration

2008.07

3

USA

Benson

Gold Canyon

2009.09

1

Canada

Ytterby

Midland
Exploration

2010.02

3

Moreover, the Japanese government is reducing exploration risk of the Japanese mining
industry by becoming an exploration partner in potential mining projects around the world. In the
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meanwhile, The Japanese government is increasing R&D investments into finding substitutes for
HREEs in magnets and material use efficiencies. Additionally, a “recycling-based society” with
considerable attention in the recovery of materials from waste streams such as laptops and cell
phones has been established by the Japanese government in recent years.
In the U.S., the Department of Energy (DOE) established the Critical Materials Energy
Innovation Hub in 2013 calling for a reduced dependence on critical materials, as well as ensuring
that energy technologies are not obstructed by future supply shortages. The most critical materials
identified by the DOE are all REEs: Dy, Nd, Tb, Eu, and Y (Figure 4). The Critical Materials
Energy Innovation hub was established recently to address challenges as follows: 1) Diversify
REEs resources, 2) Explore REEs alternatives, 3) Recycle REEs wastes, and 4) Crosscutting
research.

Figure 4. Medium-term (from 2015 to 2025) criticality matrix for elements important to renewable
energy applications (Bauer et al., 2011).
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As discussed earlier, REEs demand is anticipated to increase while the clean energy
technology market grows (Binnemans et al., 2013; Hurst, 2010) and this calls for a comprehensive
examination of the environmental impacts associated with REEs (Li et al., 2014; Liao et al. 2014).
To date, the most conventional methodology for analyzing the environmental performance of a
product, system, or process is life cycle assessment (LCA), which comprehensively considers
resource consumption and environmental releases along all the life cycle stages (Guinée, 2002).
There are limited LCA studies on the REEs production and unfortunately, even these limited
studies have issues: they cover a small share of the REEs life cycle, suffer from low data quality,
and may not represent typical production practice. Furthermore, very few LCA studies have been
conducted so far on the mining and processing of ion adsorption clays as one of the essential
sources of many HREEs critical to energy applications. This Investigation addresses the limitations
and uncertainties associated with the Ecoinvent 3 datasets on the rare earth elements production.
Material and energy consumption data were gathered from major REEs production facilities in
China. Instead of using surrogate, the synthesis and production of different chemicals were also
simulated to compile unique life cycle inventories. The results of the current LCA study improve
our understanding about environmental burdens of rare earth elements production and successively,
help us develop new separation techniques with enhanced environmental performance.

9

LITERATURE REVIEW

2.1. Rare Earth Resources and Reserves
REEs are widely dispersed all over the world (Liu & Bongaerts, 2014). These elements are
in fact not rare and they are quite abundant in the Earth’s crust, but the similar chemical and
physical properties of REEs as well as their low concentrations in ores make them difficult to
separate from each other. As shown in Figure 5, REEs are globally found in concentrations of
around 0.8%, which is larger than copper and lead reserves (Fouquet & Martel-Jantin, 2014; Liang
et al., 2014). Given that cerium is the 25th most abundant elements in the Earth’s crust (60 ppm),
thulium and lutetium are the scarcest REEs (0.5 ppm) which are 200 times more abundant than
gold (0.001 ppm) (Hedrick, 2000; Haxel, 2002).

Figure 5: Relative abundance of chemical elements in the Earth's upper continental crust (Haxel,
2002).
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It is approximated that there are 110 million tons of rare-earth oxides (REOs) reserves
worldwide (Liu & Bongaerts, 2014; United States Geological Survey, 2014) and while many
countries such as Brazil, India, and Australia have significant reserves of REEs, China supplied
approximately 85% of global REEs demand in 2012. As demonstrated in Figure 6, rare earth
resources have been distributed in northern, western, and southern provinces in China (Schüler et
al., 2011; Chakhmouradian & Wall, 2012; Sonich-Mullin, 2012; United States Geological Survey,
2014).
Almost 200 different types of rare earth ores have been reported however, the major types
of REEs deposits processed in China are bastnasite, monazite, and ion-adsorption clays (Kanazawa
& Kamitani 2006; Golev et al., 2014; Liu & Bongaerts, 2014). A summary of the compositions,
reserve amounts, and main reserve locations for the three major ores containing REEs can be
observed in Table 3.

Table 3. Major REEs containing minerals and locations (Gupta and Krishnamurthy, 2005).
Mineral

Composition

REOs

Value (%)

Location(s)

Bastnasite (carbonate– fluoride)

(Ce, La, Y)CO3F

(Ce,La,Y)2O3

36.9–40.5

Bayan Obo
Mountain pass
Sichuan

Monazite (phosphate)

(La, Ce, Nd)PO4

(Ce,La,Nd)2O3

50–68

Bayan Obo

Ion-adsorption clays

2 (Clay)3-REE3+

Heavy Rare Earth
Elements

0.05–0.2

Southern China

2.1.1. Bastnasite
Bastnasite (RE(CO3)F) as a fluorcarbonate ore contains around 70% REOs. Almost 98%
of the bastnasite ores are included LREEs such as lanthanum, praseodymium, cerium, and

11
neodymium. Almost 80% of the total produced REOs in the world was of bastnasite origin and
compared with other REOs containing minerals, the radioactivity level of bastnasite ores is low
(Kanazawa & Kamitani 2006; Naumov, 2008). In addition, 75% of the REOs in Bayan Obo mine
in Inner Mongolia as the largest REOs mine in the world, is produced from bastnasite deposits.
Moreover, REOs in Sichuan in western China are only found as bastnasite and mining and
beneficiation of raw ores in Sichuan are principally the same as in Bayan Obo.

Figure 6. Rare earths resource distribution in China (Rare earths: resource distribution and
production, 2017).

2.1.2. Monazite
Monazite (REPO4) is a phosphate mineral. It is found as hard rock in igneous and
metamorphic rocks and sand deposits. It can also be found together with bastnasite in the Bayan
Obo mine and it is reported that 25% of the total REOs content in the Bayan Obo is monazite (Ren

12
et al., 2000). Similar to bastnasite, majority of monazite content is LREEs however, the presence
of high degrees of thorium (4-12%) and uranium (14%) as radioactive elements makes the
processing of monazite mineral more complex (Jordens et al. 2013). Although, the radioactive
content as a valuable byproduct can be a benefit in REEs production. (Gupta & Krishnamurthy
2005b; Schüler et al. 2011)

2.1.3. Ion Adsorption Clays
The seven southern provinces that contribute to the production of Chinese REEs are:
Jiangxi, Guangdong, Fujian, Guangxi, Hunan, Yunnan and Zhejiang. They represent the majority
of China’s production of heavy REEs (Luo et al., 2014). In these provinces, REEs are found in
ionic clays which are composed at 90% of heavy REEs.
Ion adsorption clays are the result of the weathering of two minerals: apatite and xenotime.
After weathering and under chemical and biological parameters, REEs can gradually be dissolved
from the parent rocks (apatite and/or xenotime) in a trivalent ion form into rich solutions of RE
and they are subsequently adsorbed onto clay minerals such as kaolin (Yang et al., 2013). The
composition of REEs in ion adsorption clay deposits differs greatly from deposit to deposit and
commonly, an unusual high content of yttrium (60%) and other HREEs can be detected in ion
adsorption clays (Gupta & Krishnamurthy, 2005).
Since REOs are on the surface of clay minerals and they are not consolidated, these rare
earth ores are much easier to process than other types of REEs deposits. Moreover, clay deposits
contain very few radioactive elements and due to the presence of high content of the scarce heavy
REEs such as yttrium, the profits of the ion adsorption clay minerals are high (Kanazawa &
Kamitani, 2006).
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2.2. Production Pathways
As explained before, mining and extraction of REEs is primarily implemented in China
where almost 85% of the global demand is supplied (Hellman & Duncan, 2014). REEs are
extracted via either open-pit mining of bastnasite and monazite (mainly in the Bayan Obo region
in Inner Mongolia ） or in-situ leaching of ion-adsorption clays (mainly in Southern China)
(Kanazaw & Kamitani, 2006). According to China’s Ministry of Environmental Protection (MEP,
2009) and the Chinese Society of Rare Earths (CSRE), China has 52 million tons of proved
industrial reserves. Compared with bastnasite and monazite, ion adsorption clays only account for
a much smaller percentage of total REEs reserve of China (3% vs. 84%). However, ion adsorption
clays have different REEs content from that of bastnasite and monazite (Schuler et al., 2011).
As shown in Table 4, REEs distribution in ion adsorption clays varies significantly from
location to location, but they all seem to have much higher content of some highly valuable HREEs
than bastnasite and monazite. In addition, as the name implies, REEs present in ion adsorption
clays are in the form of trivalent cations adsorbed on kaolin, which brings the relative ease of
extraction (i.e., near the surface and unconsolidated). As displayed in Table 4, ion adsorption clays
represent an important source of REEs, especially HREEs (Chakhmouradian & Wall, 2012;
Walters et al., 2011). In fact, approximately 35% of Chinese production of REEs is coming from
ion-adsorption clays (Papangelakis & Moldoveanu, 2014; Yang et al., 2013).
Rare earth production processes in Sichuan in western China are mainly the same as in
Bayan Obo pathway. Contrary to mixed ores in Bayan Obo region, REOs in Sichuan are found
only as bastnasite and this makes the ore easier to beneficiate and leads to a higher REOs recovery
efficiency (85%) (Jordens et al., 2013). Since REOs processing is also the same in Sichuan as in
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Bayan Obo, bastnasite processing was only discussed regarding the Bayan Obo pathway in this
research.

Table 4. REEs content in different ores.

Ore

Bayan Obo1
(800 million metric
tons; 6 wt% REO)

Mountain Pass2
(3.3 million metric
tons; 7.7 wt% REO)

REO

Bastnasite Monazite

Bastnasite

Ion-adsorption clays3
(130 million metric tons; 0.05‐0.2 wt% REO)
Site

Site

Site

Site

Site

Site

A

B

C

D

E

F

La2O3

27.0

23.4

33.2

2.1

20.0

8.5

29.8

27.4

13.1

CeO3

50.0

45.7

49.1

12.8

1.3

1.1

7.2

3.1

1.3

Pr6O11

5.0

4.2

4.3

1.1

5.5

1.9

7.4

5.8

4.9

Nd2O3

15.0

15.7

12.0

5.1

26.0

7.4

30.2

18.7

13.4

Sm2O3

1.1

3.1

0.8

3.2

4.5

2.6

6.3

4.3

4.0

Eu2O3

0.2

0.1

0.1

<0.3

1.1

0.2

0.5

<0.3

0.2

Y2O3

0.3

3.1

0.1

62.9

25.9

49.9

10.1

26.4

41.7

Gd2O3

0.4

2.0

0.2

5.7

4.5

6.8

4.2

4.4

5.1

Tb2O3

Trace

0.1

0.02

1.1

0.6

1.4

0.5

0.7

1.2

Dy2O3

Trace

1.0

0.03

7.5

4.1

8.6

1.8

4.0

7.1

Ho2O3

Trace

0.1

<0.01

1.6

<0.3

1.4

0.3

0.5

1.1

Er2O3

1.0

0.5

<0.01

4.3

2.2

4.2

0.9

2.3

3.1

Tm2O3

Trace

0.5

<0.01

0.6

<0.3

1.2

0.1

0.3

1.5

Yb2O3

Trace

0.5

<0.01

3.3

1.4

4.1

0.6

2.0

2.0

Lu2O3

Trace

0.1

<0.01

0.5

<0.3

0.7

0.1

<0.3

0.5

1

Schuler et al. (2011)

2

Gupta & Krishnamurty (2005)

3

Shi (2009)

2.2.1. Production of REEs in the Bayan Obo Mine
The largest discovered REEs deposits in the world, namely Bayan Obo mine is located in
Inner Mongolia province in China and this mine accounts for 80% of the REEs reserve in China
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(Schüler et al. 2011). The rare earth minerals are concentrated in two different ores including
bastnasite and monazite. The amount of the REO resources included in this mine differs from 28
million tonnes to 44 million tonnes based on various assessment methods by USGS and Chinese
sources, respectively. Both monazite and bastnasite minerals are found in Bayan Obo and the
REOs produced as a by-product of iron ores are mainly comprised of LREEs (Spooner, 2005).

Figure 7. Processing pathway for REEs ores at Bayan Obo.

The production of REEs in Bayan Obo started in 1959 when the recovery rate was around
10% and much of the REEs value of the deposit was wasted however, the REEs recovery rate is
currently almost 50% (Schüler et al., 2011). As shown in Figure 7 regarding the production
pathway at Bayan Obo, the primary stages in the processing of REEs minerals comprise: mining,
beneficiation, chemical treatment, separation, and electro-refining (Navarro & Zhao, 2014).

2.2.1.1. Mining
The first processing step in Bayan Obo is mining ores with REO concentration varying
from 0.05 to 10%. The standard REEs mining procedure which includes drilling and blasting the
crude ore does not significantly change relative to the rare earth content in different ores. The ore
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is then transported to a milling plant by railway cars or haul trucks (Gupta & Krishnamurthy, 2005).
The possible contamination by sulfides, thorium, or heavy metals into rainwater is a potential
hazard in the open pit mining operations which are generally dusty (Schüler et al., 2011).

2.2.1.2. Beneficiation
In the second step, valuable rare earths mineral concentrations are separated from nonvaluable gangue in a physical beneficiation process and the resulting concentration of REOs is
almost 50% (Gupta & Krishnamurthy, 2005; Zhang & Edwards, 2013). The ore in the beneficiation
process is finely crushed and ground in a mill, where 90% of the crushed particles have particle
sizes less than µ74. Afterwards, gravitational and magnetic separation processes are conducted to
separate 70% iron concentrate where little heating and chemical requirements make their
environmental impact minimal (Falconer, 2003).
To separate and enhance the mineral concentrates, froth flotation process is then performed
using common chemical such as hydroxamats, fatty acids, dicarboxylic acids, and organic
phosphoric acids, sodium silicate, and sodium carbonate (Jordens et al., 2013). A froth layer
formed on the surface is removed, and after a cleaning process becomes the mineral concentrates
with 60-70% REOs as the product of the beneficiation stage. In the beneficiation process, the
mixture of heavy metals, wastewater, and different chemicals used for processing in large tailing
ponds carries a major environmental burden (Walters et al., 2011; Schüler et al., 2011). Moreover,
all mentioned wastes can include radioactive elements such as uranium (U) and thorium (Th)
(Jordens et al. 2013; De Boer & Lammertsma, 2013). A typical route for mining and beneficiation
processes of REEs production at Bayan Obo is shown in Figure 8.
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Figure 8. Mining and beneficiation pathway for REEs production at Bayan Obo (Gupta &
Krishnamurthy, 2005).

2.2.1.3. Chemical Treatment
Acid roasting by sulfuric acid, leaching, and dissolution are the three primary processes in
the chemical treatment step. This process removes impurities and enhances REOs concentration
to around 90%. The resulting solution contains rare earth chloride which is suitable for separation
into individual RE metals in the solvent extraction process. Different chemical reagents including
inorganic acids [sulfuric acid (H2SO4), hydrochloric acid (HCl), and HNO3], alkalis (NaOH and
Na2CO3), and electrolytes ((NH4)2SO4, NH4Cl, and NaCl) are utilized in the chemical treatment
process. Sulfuric acid is mainly used for the conversion of phosphate (monazite) and carbonate
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fluoride (bastnasite) ores into rare earth sulfates during the acid roasting process (Zhang &
Edwards, 2013). A typical route for acid roasting, water leaching, and dissolution processes at
Bayan Obo is shown in Figure 9.

Acid Roasting
High temperature acid roasting at 500°C in a rotary kiln for 4 hours is a common practice
used in China. By acid roasting, REOs concentrates which are in the form of fluorocarbonates are
transformed into rare earth sulfates. According to the chemical reactions below, hydrofluoric acid,
phosphoric acid, and carbonic acid can also be generated during the roasting process.
Reaction for bastnasite:
2RECO3 F + 3H2 SO4 → RE2 (SO4 )3 + 2HF + 2H2 CO3

(1)

Reaction for monazite:
2REPO4 + 3H2 SO4 → RE2 (SO4 )3 + 2H3 PO4

(2)

Leaching
After decantation of the mixture to remove the solids produced in roasting process, to
obtain a pure rare earth sulfate solution, water leaching and filtration are conducted. Since the
solubility of rare earth sulfates reduces with increasing temperature, it is crucial to control
temperature during the leaching process. Rare earth carbonate precipitation is then performed for
selective precipitation and conversion of rare earth sulfate into rare earth carbonate precipitate and
ammonium bicarbonate is rinsed with rare earth sulfates in an acid solution.
RE2 (SO4 )3 + 6NH4 HCO3 → RE2 (CO3 )3 + 3(NH4 )2 SO4 + 3H2 O + 3CO2

(3)
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Figure 9. Chemical treatment pathway for REEs production at Bayan Obo (Gupta &
Krishnamurthy, 2005).

Dissolution
In dissolution process, rare metal carbonate precipitate is subsequently transformed into
rare earth chloride by dissolution in hydrochloric acid solutions.
RE2 (CO3 )3 + 6HCl → 2RECl3 + 3H2 CO3

(4)

To capture most exhaust gases generated during the extraction process, a water scrubber is
utilized. Therefore, H2SO4, H2SiF6, SO2, and HF can be recovered in the initial scrub. Furthermore,
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to purify the exhaust to be released to the atmosphere, diluted Na2CO3 solution is used during the
second scrubbing stage (Zhang & Edwards, 2013).

2.2.1.4. Solvent Extraction
After the chemical treatment step, the metal ion solution is separated into heavy, medium,
and light rare earth ions using solvent extraction also called liquid-liquid extraction process (Wang
et al., 2010; Navarro & Zhao, 2014; Schreiber et al., 2016). Due to the ability to handle larger
volumes of dilute pregnant solutions in industrial scale, solvent extraction has become the common
practice to separate individual rare earth ions. It is worth mentioning that since the separation
process is performed based on the variation in the potential of complex formation between the
extractants (organic solvents) and the rare earth ions, the separation of neighboring rare earth ions
by applying traditional solvent extraction approaches is laborious (Nishihama, 2003; Schreiber et
al., 2016). As the result, several solvent extraction steps are mandatory to produce solutions of
individual rare earths with purity higher than 99%. Moreover, the presence of significant values of
radioactive elements such as thorium and to a marginal level uranium in primary REEs resources
and the subsequent co-extraction of these elements make the REEs separation process more
challenging. (Fuerstenau, 2013).
Solvent extraction is performed by different types of extractant such as neutral extractants
(or solvation extractants), basic exchangers (or anion extractants), and acidic exchangers (or cation
extractants) (Xie et al., 2014). Multiple stages of mixers and settlers may be utilized in a solvent
extraction facility producing diverse individual rare earth products. During the process, leachate
containing rare earth ions produced from the chemical treatment operation is blended with an
organic extractant and as a result, rare earth ions in the aqueous phase produce more soluble
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compounds in the organic solution (Krishnamurthy & Gupta, 2004; Vahidi & Zhao, 2016).
Correspondingly, rare earth ions are transferred into the organic phase.

Figure 10. Solvent extraction process of REEs leachate (China Beneficiation Technology Network,
2009; Xie et al., 2014).

As shown in Figure 10, the aqueous stream leaving the m-th mixer settler in a
countercurrent flow scheme is pumped to the (m-1) th mixer settler, while the organic solution
which is in equilibrium with the aqueous solution leaving the m-th stage is injected to the (m+1)
th mixer settler (Xie et al., 2014). Subsequently, during the stripping process, which reverses the
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extraction reaction in the solvent extraction process, by using hydrochloric acid, the rare earth ions
are ultimately transported from the loaded organic extractant to a fresh aqueous medium in which
the rare earth ions are more soluble and the stripped organic solvents are recycled at 90% efficiency.
Eventually, the rare earth ions concentration in the aqueous medium after the solvent extraction
process is 10-100 times of the rare earth ions concentration after the leaching process (Preez &
Preston, 1992; Krishnamurthy & Gupta, 2005; Vander Hoogerstraete et al., 2013).
P507 (2-ethylhexyl phosphonic acid mono-2-ethylhexylester) and P204 (Di-2-ethylhexyl
phosphoric acid) are two conventional organic solvents utilized for REEs solvent extraction
separation (Chang et al., 2010; Wang et al., 2014). These organic solvents as acidic extractants
may be applied in chloride, sulfate, or phosphate media. Since the differences in basicity among
the different rare earth ions are small, as explained before, up to 300 separation steps may be
required to obtain individual REOs with purity over 99%, and these multiple steps make the
separation of rare earth ions cost-intensive and time-consuming.
A number of advantages of the solvent extraction process such as ready adjustability to
process scale-up and simplicity make this process the principal method to produce individual rare
earth oxides. However, as discussed earlier, the solvent extraction process must be repeated many
times to process dilute aqueous solutions and this leads to high cost of chemicals including strong
acids and organic extractants. Therefore, the solvent extraction process is taken into account as the
most challenging step in the REEs production pathway (Wuhua et al., 2010).

2.2.1.5. Electro-refining
Separation of rare earth oxides via solvent extraction operation is followed by the
electrolytic/thermal process to produce rare earth alloys and metals. Due to the strong affinity of
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rare earth elements to oxygen, REOs are in the class of the most stable oxides and as a result, the
removal of oxygen to produce rare earth metals and alloys is very laborious. The literature briefly
mentions different techniques such as molten salt electrolysis, calciothermic reduction, and
metallothermic reduction (Schüler et al., 2011; Lee & Wen, 2017; Zapp et al., 2018).
Calciothermic and metallothermic reduction operations must be performed on a batch basis and
the electro-refining process needs high temperatures and high energy consumption which make
the industrial production uneconomic (Vogel & Friedrich, 2015).
Given the lower energy consumption in molten salt electrolysis which can also be
conducted as a continuous process, this electrolytic process has become the dominating industrial
technique currently used to produce rare earth metal (Stefanidaki et al., 2001; Abbasalizadeh et al.,
2015; Vogel et al., 2017). It has been reported that the molten salt electrolysis is an effective
method to produce cerium, lanthanum, praseodymium, and neodymium from individual rare earth
oxides produced at solvent extraction facilities (Lee & Wen, 2017). Gadolinium, dysprosium,
lutetium, holmium, erbium, terbium, and yttrium can be produced using calciothermic reduction.
In addition, samarium, thulium, europium, and ytterbium are usually produced by the
metallothermic reduction.
In the molten salt electrolysis, the rare earth oxides are converted into rare earth fluorides
or rare earth chlorides and then the rare earth halides are reduced to rare earth metals. Figure 11
shows a simplified molten salt electrolysis cell. The cell is made of alumina and refractory brick
or metal and the two electrodes are dipped into the molten bath where a voltage adequate for the
salt reduction is applied to the circuit. In the molten salt electrolysis, rare earth metals/alloys with
high purity can be manufactured by using tantalum, tungsten, or molybdenum as the cathode
materials while graphite is usually employed as the anode material.
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Figure 11. Simplified electrolysis cell for the rare earth oxide refining process.

In the molten bath known as the carrier electrolyte, a mixture of LiF-REF3 (typically
containing about 15 % lithium fluoride and 85 % rare earth fluoride) is utilized to dissolve the rare
earth oxides. Lithium fluoride is also added to the molten bath to improve the conductivity and
reduce the melting point of the electrolyte. Additionally, rare earth fluorides are used to enhance
the solubility of the rare earth oxides. At molybdenum cathode, rare earth ions are reduced to
metallic rare earths and at graphite anode, oxygen ions are oxidized to oxygen gas and then the
oxygen gas is reacted with carbon to produce carbon monoxide and carbon dioxide (Dysinger &
Murphy, 1994). Reactions 5-7 demonstrate the conversion of rare earth oxides to rare earth metals:

At cathode:
RE3++3e-→RE
At anode:

(5)
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2O2- − 4e-→O2 (gas)

(6)

3C + 2O2 → 2CO + CO2 (gas)

(7)

Figure 12. The electro-refining process of individual rare earth oxides (China Ruilin Engineering
Technology Co., Ltd., 2016).

Figure 12 shows electro-refining process of REOs at Jiangxi Taihe Changwei New
Materials Limited in China where praseodymium metal, neodymium-praseodymium alloy,
gadolinium ferrous alloy, and dysprosium ferrous alloy are produced. As shown in the figure,
major waterborne and airborne emissions include fluoride (F-) and carbon dioxide (CO2)
respectively, while waste graphite anodes, waste molten salts, electrolytic slag, and rare earth metal
fluorides are the major solid wastes generated in the molten salt electrolysis operation
(Abbasalizadeh et al., 2017; Lee & Wen, 2017).
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Based on a report by “Jiangxi Taihe Changwei New Materials Limited company, rare earth
fluoride, and lithium fluoride are the principal input materials necessary to produce different rare
earth metals. As shown in Figure 12, in the first step, rare earth fluorides are made by individual
REOs produced in solvent extraction process. A portion of produced rare earth fluoride is sold as
a by-product while the remaining is mixed with lithium fluoride to produce molten salt. It is worth
mentioning that the ratio of rare earth fluoride to total REO is almost 1:10-15 by mass and the ratio
of lithium fluoride to rare earth fluoride is around 1:10 by mass. Moreover, to produce the rare
earth ferrous alloy, iron as an alloying metal is required.

2.2.2. Production of REOs from Ion Adsorption Clays in Southern China
Ion-adsorption clays are also commonly known as weathered clays, and are formed from a
process unique to certain areas of the world. Under the effect of physical, chemical and biological
factors, the rare earth enriched parent rocks (e.g., granite) can have rare earth minerals dissolved
gradually and enter water in the form of rare earth ions. When the solution permeates downwards
through pores, rare earth ions are adsorbed by the clay minerals such as kaolin (Yang et al., 2013;
Zhao et al., 2001; Charles et al., 2013).
Conditions for occurrence include prolonged weathering with limited erosion, and the
existence of a crust of high alumino-silicate clay to adsorb rare earth ions (Gupta and
Krishnamurthy, 2005: Moldovenau & Papangelakis, 2012). The worldwide reserve of ion
adsorption clays is limited (Zou et al., 2014), and REO concentration in the deposit is usually
between 0.05 and 0.2% (Golev, 2014; Kanazaw & Kamitani, 2006; Xiao et al., 2003). Figure 13
presents a mining site and a diagram of an in-situ leaching showing the different soil layers. The
completely weathered layer contains the highest concentration of REOs.
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To extract REEs from ion-adsorption clays, there are different types of leaching methods
that can be applied, e.g. heap, tank/pool, and in-situ leaching methods (Yang et al., 2013). Through
these leaching methods, the REEs are released into the solution by ion exchange mechanism (Chi
et al., 2013). Previously, heap leaching was a widely used form of processing ion-adsorption clays,
which involves excavating minerals, placing them in a mound, and spraying them with solutions
(Papangelaks & Moldoveanu, 2014). Tank/pool leaching involves placing the minerals into a
tank/pool and soaked with solutions (Zhao et al., 2001). In-situ leach mining is now the dominating
technology, given that there is less topsoil removed (i.e. about one fifth to one third as in the case
of heap and tank/pool leaching), the process can be performed on site, and the environmental
impacts are reduced (Du, 2001; Wu, 2005; Schuler et al., 2011). Therefore, this research only
focused on the evaluation of the environmental impacts associated with the in situ leaching process.

2.2.2.1. In-Situ Leaching of Ion Adsorption Clays
Before in-situ leaching is carried out, a proper mining site has to be selected (i.e. mining
exploration). Important parameters that should be taken into account are geological structures,
hydrogeological features, ore deposit features, production condition, bedrock composition,
permeability of bedrocks, and hydrogeology of the mining zone (Papangelakis & Moldeveanu,
2014; Zhao, 2001). According to Tang and Li (1997), the area where ore is accessible for in-situ
leaching is typically between 5,000-10,000 m2, with the thickness of the ore body being between
5-20 m (Xiao et al., 2003; Zou, 2012). After the mining site is selected, topsoil is removed and
holes (to serve as injection wells) are drilled.
A common practice is to have injections wells of 0.6-0.8 m diameter at a depth between 26 m placed throughout the site with interval 5m by 5m (Xiao et al., 2003; Yang et al., 2013; Zhao,
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2001). PVC piping is used to build a pipeline network (Luo et al., 2014), which consists of two
pipe systems: one with ammonium sulfate ((NH4)2 SO4) for the ion exchange mechanism and for
fresh water flushing at the end of mining (Zhu et al., 2013), and the other being a leachate collection
pipeline system where pools are built close the hillside and organized in terraces (MEP, 2011;
Walters et al., 2011).
The reaction equation of the in-situ leaching of ion-adsorption clays with ammonium
sulfate (1-2% w/w concentration) is described by Equation 7. Leaching can also be carried out
using other concentrated inorganic salt solutions such as of Na2SO4, NH4Cl, and NaCl (Jun et al.,
2010; Navarro and Zhao, 2014). When leaching is finished (i.e., after 150–400 days), fresh water
is injected to drive out the remaining REE-bearing solutions (Yang et al., 2013). The rare earth
concentration in the leachate is low, and every liter of solution usually contains only several grams
of REOs.
To recover REEs from the leachate, precipitation is carried out (Luo et al., 2014; Jun et al,
2011). Ammonium bicarbonate (NH4HCO3) or oxalic acid (H2C2O4) are the two chemicals
commonly used (Kynicky et al., 2012; Walters et al., 2011; Yu et al., 1990). The reactions with
ammonium bicarbonate and oxalic acid are giving by Equations 9 and 10, respectively (Luo et al.,
2014; Zhao et al, 2001). For industrial operations, ammonium bicarbonate is typically used in place
of oxalic acid, because of its lower cost and lower environmental impact (Chi et al., 2013).
However, it should be noted that precipitation with oxalic acid leads to higher product purity. In
addition, using ammonium bicarbonate may cause additional difficulties in the following
dehydration process (Luo et al., 2014). The precipitate is pressed to remove water and then calcined
at 750-850 ˚C to get REOs.
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Figure 13. Typical layers of mining site for ion adsorption clays (adapted from Zou et al., 2012).

2 (Clay)3-REE3+ + 3(NH4)21+SO42-→ 2 (Clay)3-(NH4)31++ REE23+(SO4)32-

(8)

2RE3+ + 3NH4HCO3- → RE2(CO3)3 + 3NH4+ + 3H+

(9)

2RE3+ + 3H2C2O4 + xH2O →RE2 (C2O4)3・xH2O + 6H+

(10)

Figure 14 shows a typical process flow diagram of in-situ leaching performed in southern
China. Unlike processing bastnasite and monazite, in-situ leaching of ion adsorption clay does not
involve a beneficiation process, and REEs are extracted solely via hydrometallurgical processes
(Golev, 2014; Jordens et al., 2013). In-situ leaching process usually can achieve extraction
efficiencies greater than 90% (Xiao et al., 2003), with final products of purity 90-92% (Schuler et
al., 2011). To obtain 90-92% mixed REO, rare earth carbonate precipitates produced in in-situ
leaching process are dried and subjected to calcination process at 750 – 800ºC. If further processing
is desired on site and to include the entire cradle to gate process for rare earths, subsequent
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downstream processes of solvent extraction and refining to obtain individual rare earth elements
and its products have to be taken into account (Zhao, 2001).

Figure 14. Flow diagram of ion-adsorption process used in southern China (Luo et al., 2014).

In additional to the chemicals mentioned above, H2SO4 is used to adjust the pH levels of
the solution. Electricity demand for the mining equipment (air compressors, water pump, etc.) also
adds to the process inputs. For a typical in-situ leaching site, power demand is in the 100kW range
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(Li, 2011). Electricity usage and cost depends on the site, technology, and local source availability
(China Aluminum Corporation, 2014). Residue out of the process contains U and Th, but the
concentrations are much lower than the processing of open-pit mining of bastnasite and monazite,
and in general will not lead to significant environmental impacts (Lianfeng, 1999). However, it
has been reported that there are increased concentrations of (NH4)2SO4 in groundwater and
increased concentrations of NH4+ and REEs in the surface water (Zhu et al., 2011).

Figure 15. Major operation stages to produce individual rare earth metals, mischmetals, and alloys
from two different rare earth deposits in China.
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It should be noted that due to high capital investment, further treatment of REOs such as
separating individual REOs via hundreds of steps of solvent extraction and production of rare earth
metals via electro-refining process are performed at off-site, centralized facilities. These facilities
usually accept mixed REOs from different mining sites, including REOs from bastnasite and
monazite (Bayan Obo) (Eggert et al., 2008; Kynicky et al., 2012). Figure 15 demonstrates the
schematic of major operation steps required to produce individual rare earth elements, mischmetals,
and alloys from rare earth reserves both in Bayan Obo and southern China.

2.3. Environmental Concerns
Despite the fact that REEs are critical to many high-tech and green technologies, REEs
production itself carries large environmental impacts and all the process steps shown in Figure 15
involve intensive materials and energy consumption while generating significant air/water
emissions and solid wastes. Due to the lack of treatment, the ecological damages are severe and
recently, environmental destruction caused by the REEs production has gained significant
attention. For instance, due to the different environmental degradations incurred during the REEs
production, the Mountain Pass mine located in California which had dominated the REEs market
in the 1970s and 1980s closed in 2002 (Zhang, 2013; Fuerstenau, 2013).
Moreover, China has recently encountered serious environmental damage due to
unconstraint regulations and high production output which leads to human toxicity concerns due
to groundwater contamination and severe loss of animal life and vegetation around mining
facilities (Schüler et al. 2011; Bontron 2012). Due to the nearby REEs processing facilities,
considerable pollution issues have been reported regarding the city of Baotou, located 120 km
from the Bayan Obo mine. Based on the Chinese Society of Rare Earths, it is anticipated that 8.5
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kg of fluorine, 13 kg of flue dust, and 9,600–12,000 m3 off-gas containing flue dust concentrate,
HF, H2SO4, and SO2 are generated while one ton of REEs is produced. The major concerns
associated with REEs production have emphasized the need to decrease the environmental
footprints in the rare earths industry (Norgate & Haque, 2010).
In addition, considering a more efficient production enhances the recovery rate, Chinese
government has increased monitoring and applied a stricter control of the emissions program. In
fact, environmental damage is one of the major reasons cited by Chinese government for imposing
export quota. However, most of the damages in rare earth mining facilities in China seem
permanent (Wübbeke 2013).

2.3.1. Resource Depletion
Resource depletion of REE reserves especially a few of the heavy REEs in the short-tomedium future is one of the major concerns in REEs industry. In addition, the high demand for
dysprosium may result in an oversupply of the other REEs, such as Lanthanum, Neodymium,
Yttrium, and Cerium (Elshkaki & Graedel 2014; Alonso et al. 2012). Opening of new mines and
recycling can secure supply of REEs for several hundred years (Habib & Wenzel, 2014).
Additionally, proper supply which meets the growing demand might be facilitated by new
substitution technologies (Schüler et al. 2011; Bauer et al. 2010).

2.3.2. Radioactivity
Chinese government has recently acted on the presence of radioactive thorium in monazite
ores (4%-12%) by introducing export quotas, reducing domestic production, and shutting down a
number of smaller and heavy polluting production facilities (Gupta & Krishnamurthy, 2005;
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Koltun & Tharumarajah 2014). Uranium also often occurs as a fraction related to thorium content
and dusty operations can pose a threat to the health of miners, especially during the long-term.
Thus, inhalation of the mentioned radionuclides can damage the lung tissue and cause cancer
(IAEA 2011; Lee Bell 2012).
Furthermore, in the solvent extraction process of REOs in which the rare earths and
radioactive content such as thorium and uranium are separated, handling the radioactive content is
challenging. Besides, thorium and uranium are usually sent to tailings and to avoid poisoning of
adjacent vegetation, soil, or water resources by radioactive elements, tremendous efforts are
necessary (Schüler et al. 2011).

2.3.3. Other Environmental Concerns
Most tailings are produced at the beneficiation and chemical treatment steps and as
indicated in the previous section, a proper handling of the tailings is essential and this is not only
because of the radioactive content, but also because of large concentrations of heavy metals in the
tailings (Koltun & Tharumarajah 2014).
In addition to tailings, chemical process wastes and wastewaters need to be treated
appropriately before releasing to the environment and according to the Chinese Ministry of
Environmental Protection regulations, 85% of all wastewaters should be recycled. A large amount
of base and acid consumed in the separation step can result in significant wastewater emissions
(Liao et al. 2013). Also, ammonium consumption in several steps of rare earths production is an
environmental concern and discharging wastewaters containing ammonium to the environment
will pollute water resources and enhance eutrophication in lakes and rivers (Schüler et al. 2011).
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Air emissions are also lightly to happen during the extraction step from furnaces and kilns.
The heavy fuel oil consumption and other fuels for the heating purposes emit carbon dioxide,
carbon monoxide, sulfur dioxide, and nitrogen oxides. In bastnasite extraction where the ore
contains fluoride, Carbon dioxide together with HF and other fluoride gases are part of the flue
gas. Besides, the sulfuric acid consumption can result in sulfur dioxide or sulfur trioxide emissions
(IAEA, 2011).

2.4. Life Cycle Assessment
With the continual growth of renewable energy and energy efficient technologies, global
production of REEs will increase. Therefore, reducing environmental footprints of REEs
production becomes critical and identifying environmental hotspots based on a holistic and
comprehensive assessment on environmental impacts serves as an important starting point. To date,
the most widely used methodology for evaluating the environmental performance of a product or
process is life cycle assessment (LCA), which holistically takes into consideration of resources
consumption and environmental releases along all the life cycle stages. In recent years, LCA has
become a leading tool in sustainable product development and environmental policy making for
companies and governments all over the world (Evans et al., 2009; Golev et al., 2014; Adibi et al.,
2014).
There have been many reports and studies on the environmental concerns caused by the air
or water emissions as well as solid wastes from REEs production. However, most of these studies
only cover a small portion of the REEs life cycle. A handful of LCA investigations on the
production of REEs have been published during recent years and almost all of them used Ecoinvent
dataset (Ecoinvent v2.0 and following v2.2 and v3.0) (Althaus et al., 2007; Adibi et al., 2014; Hu
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et al., 2017). In addition, most studies focused on the processing of bastnasite (at Mountain Pass,
CA) or bastnasite-monazite (at Bayan-Obo, China) (Navarro & Zhao, 2014).
The Ecoinvent as the most comprehensive life cycle inventory database covers operations
from mining of rare earth deposits in northern China to solvent extraction process to produce high
purity individual rare earth oxides while the refining stage has been excluded from the database
(Althaus et al., 2007). Although there are several limitations with the Ecoinvent datasets, as
mentioned earlier, they have been widely used in LCA investigations on the REEs products. there
have been a few investigations on the environmental destructions generated by the air or water
emissions along with solid wastes from reduction process in rare earth metals and rare earth alloys
production.
As an illustration, an LCA of 63 different elements comprising all the lanthanide series of
the periodic table were conducted by Nuss and Eckelman (2014). The same recovery rate for all
individual rare earth metals was assumed. Additionally, Bayan Obo study as the one of the most
important sources of REOs production in China was the only mine considered by Nuss and
Eckelman (2014) while the REOs production in southern China from ion adsorption clays which
accounts for 80% of the global HREEs supply was entirely excluded from their investigation. It
was shown that the mining/physical beneficiation steps carry smaller environmental burdens than
cracking/solvent extraction steps for REOs production. Their evaluation indicates that economic
based allocation is more suitable for assessing the environmental impacts of REOs extraction.
Therefore, based on the Chinese literature regarding the Bayan Obo bastnasite composition, Nuss
and Eckelman (2014) re-allocated emissions and materials/energy to all the 15 rare earth oxides
by using the default Ecoinvent dataset as well as the REOs prices in 2010.
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In another investigation by Sprecher et al. (2014), a cradle to grave scale LCA investigation
on NdFeB permanent magnet production was carried out, and given the emphasis on neodymium
element, an economic value based allocation was performed for environmental impacts of different
production steps. The results of this research indicate that in the beneficiation process, over 50%
of neodymium loss happens and due to the high emissions of hydrogen fluoride, the roasting step
of REOs production generates the most severe impacts with regard to human toxicity. Sprecher et
al. (2014) also assumed that the neodymium metal refining process is similar to the Hall-Héroult
process utilized for aluminum production and as the result, the life cycle inventory of Hall-Héroult
process was modified to assess the life cycle impacts of neodymium metal production process in
the electro-refining process.
Moreover, a cradle to gate LCA investigation of REEs production was executed by Zaimes
et al. (2015). To represent the current REOs extraction and processing, Bayan Obo was chosen
and the primary REOs production pathway was classified into four steps including mining,
separation (magnetic, flotation), processing (calcination, water leaching, and removal of
impurities), and extraction and roasting. According to the results and with regard to different
environmental impact categories such as primary energy consumption, global warming potential
and eco-toxicity, heavy REOs production has the most intensive footprint, compared with medium
REOs and light REOs for 1 kg of REO produced. The investigation also demonstrates that the
recycling of REEs products could significantly enhance the sustainable development of global
REEs resources.
The Bayan Obo pathway was also examined by Koltun and Tharumarajah (2014) where
both mass based and economic value based allocation procedure were proposed to deal with the
iron/REEs co-mining issue. The REEs production process is divided into three major steps
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including: (1) mining and beneficiation; (2) purification and separation; and (3) reduction of REEs.
According to the results, the most environmentally intensive step of REO production is the REEs
separation step using the mass based allocation, as well as economic based allocation scenarios.
In another investigation by Lee and Wen (2017), a comprehensive LCA on the rare earth
metals production was conducted. In the mentioned study, a life cycle inventory for molten salt
electrolysis of cerium was compiled using process inputs collected from Chinese literature while
life cycle inventories of producing gadolinium via calciothermic reduction and samarium via
metallothermic reduction were also developed. However, no inventory datasets were presented for
neodymium, praseodymium, and dysprosium which are the main rare earth elements employed in
the permanent rare earth magnet manufacturing.

2.5. Network Analysis
Since LCA develops a network of flows of resources or emissions, network analysis has
recently been utilized by a number of LCA researchers to evaluate the sustainability and resilience
from the network perspective (Singh & Bakshi, 2011; Navarrete-Gutiérrez et al., 2016; Nuss et al.,
2016). Nowadays, network analysis is one of the most popular approach and visible frameworks
in many research fields and complex systems (Caldarelli, 2007; Latapy & Willinger, 2008; Hu and
Zhu 2009; Easley & Kleinberg 2012). Although, this method was developed to investigate
sociology, network analysis using graph theory can evaluate, comprehend, and optimize various
complex systems representing network of flows, information, or services in different disciplines
such as engineering, biology, communications, and ecology (Nuss et al., 2016). Analyzing the
food web structure (Camachoet al., 2002), epidemic diseases (Pastor-Satorras & Vespignani, 2001),
communications networks (Ebel et al., 2002), and the structure of financial markets (Bonanno et
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al., 2004) are also famous instances of previous network analysis studies. Network analysis
approach has also been applied to investigate network vulnerability to attack on a node (Albert et
al., 2000), topology (Sterbenz et al., 2013), dynamics, and structure of energy systems (Bergek et
al., 2008) as well as stability of ecosystem communities (Fath et al., 2007). Moreover, insights into
the resilience of systems as the ability of systems to sustain themselves when subjected to changes
can be obtained by the mentioned approach (Boccaletti et al., 2006; Newman et al., 2006).
As discussed, since a network of resource flows, money or emissions networks in industrial
systems can be developed using traditional sustainability assessment methods such as life cycle
assessment, further insights from these networks can be concluded. Therefore, to comprehend the
complexity of life cycle networks and to translate life cycle inventories representing different
systems and products into networks, network analysis method can also be employed (Halog &
Manik 2011). Thus, by promoting the dialogue between decision makers as final users and LCA
practitioners as experts, the proposed modeling structure seeks to face the complexity of life cycle
networks.
A network comprises of two primary elements: nodes (also called vertices) and edges
between those nodes (also called links) while the weight of the edges in a network is named the
“edge strengths”. Life cycle assessment results can be viewed as a network in which nodes
represent input materials, energy or infrastructure in a system or product while the edges
correspond the carbon dioxide emission (including CO2 embodied in products) exchanges among
nodes (Fisher & Vega-Redondo, 2006). There is a compelling need for a comprehensive
knowledge of how different input materials, energy, and infrastructure interconnect with each
other and little research has yet been conducted using network analysis to enhance understanding
of complexity in engineered networks. (May et al., 2008).
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CHAPTER 3. VISION AND OBJECTIVES

There are limited LCA studies on the REEs production. Unfortunately, even the limited
studies have issues: they cover a small portion of the REEs life cycle, suffer from low data quality,
and may not represent typical production practice. Moreover, for many process steps, no datasets
are available and surrogates are commonly used. In addition, while there have been an increasing
number of investigations focused on the LCA of REO production from bastnasite and monazite,
only very few LCA studies have been attempted for the mining and processing of ion adsorption
clay and to the best of our knowledge, this investigation is the first study to assess LCA of rare
earth oxides production from ion-adsorption clays, which are important sources of many HREEs
critical to energy applications.
Furthermore, it should be noted that Ecoinvent dataset covers REOs production processes
from mining to solvent extraction and while the databases on other processes seem reasonable, the
solvent extraction process suffers from insufficient data quality. For instance, due to the lack of
process information with regard to solvent extraction, generic organic chemicals were selected as
surrogates and the electricity consumption for the vegetable oils solvent extraction was assumed
in the previous studies. Also, the consumption of organic solvent as extractant was approximated
according to Mountain Pass production data in the 1980s. Moreover, very limited LCA
investigations have yet been conducted on the molten salt electrolysis of the rare earth oxides in a
medium comprising lithium fluoride and rare earth fluorides as a key step in the high-purity rare
earth metals production pathway.
Therefore, one of the goals of this research is to address the limitations and uncertainties
associated with the Ecoinvent 3 datasets on all production steps to produce individual rare earth
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elements. Material and energy consumption data were gathered from major production facilities
in Inner Mongolia and southern provinces in China and new life cycle inventories for the
production of rare earth metals and alloys which are critical to clean energy applications were
developed. In addition to the Ecoinvent v3.0 database, new datasets were created for the production
of chemicals and materials employed in the operation to minimize the use of surrogates in the
assessment.
Since life cycle inventories develop a network of flows of resources or emissions, network
analysis has recently been utilized by a number of LCA researchers to evaluate the sustainability
from the network perspective (Singh & Bakshi, 2011; Navarrete-Gutiérrez et al., 2016; Nuss et al.,
2016). Demonstrated in earlier studies, emissions or resource flows in life cycle networks can
provide additional insights such as resilience and vulnerability regarding the sustainability of
products or systems which is presently not captured by any of the aggregated metrics. One of our
objectives in this study is to bridge this gap by integrating the concepts of network theory with
information about carbon dioxide emission flows embedded in the rare earth production networks
to understand complexity of life cycle inventories.
We focused our attention on the production processes from mining to electro-refining of
rare earth elements in China. Therefore, as the main goal of this study, various network measures
which can help elucidate important actors in the production of rare earth elements were explored.
Network metrics of indegree and outdegree strength were assessed for all different stages of the
REEs production process. In addition, closeness centrality, betweenness centrality and total carbon
dioxide turnover were utilized to explore complexity of rare earth production networks. The crucial
pathways of resource dependency propagation in the rare earth production networks that can be
employed for risk management in case of resource disruption were also demonstrated by the
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measures of indegree and out-degree strength in this study. The advantages and limitations of using
network analysis as a tool for assessing the complexity of life cycle inventories were finally
discussed.
To the best of our knowledge, carbon dioxide emissions embodied in the life cycle
inventories of rare earth elements production process have not yet been explored from a graphtheoretic perspective by previous investigations. There is no information about how the
dependency on resources such as CO2 emission is propagated and distributed in the network. The
evaluation of a weighted network with the carbon dioxide emission-LCI approach can help in
discovering the nodes and network properties vital for the transfer of the embodied carbon dioxide
in the REEs production pathways: the higher the carbon dioxide emission accumulated in the node,
the higher the importance of that node for the exchange and aggregation of CO2 emission on
materials and energy use. Therefore, all resource flows traced in the graph can be translated into
equivalent carbon dioxide emission values, making results coherent among processes (from the
LCI perspective).
From an eco-efficiency aspect, the main objective of this research is to provide solutions
to optimize/decrease the use of materials/resources and the release of carbon dioxide emissions,
often assessed by LCA studies. This investigation aims to further our understanding of the network
analysis approach as popular technique for the study of many complex systems to investigate life
cycle inventory networks of rare earth elements. It is likely that resource flow or emissions in life
cycle networks can provide additional insights such as resilience and vulnerability about the
sustainability of systems that is currently not captured by any of the aggregated metrics.
To the best of our knowledge, this research will be the first contribution of the network
analysis approach as popular technique to investigate life cycle networks of rare earth elements.
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The results of study improve our understanding about environmental burdens of the production
operation of REEs and successively, help us develop new production techniques with enhanced
environmental performance.
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CHAPTER 4. METHODOLOGY

LCA has been defined by U.S. Environmental Protection Agency (U.S. EPA) as a
technique to assess potential environmental burdens related to a process or product over their
whole life cycle for environmental sustainability and product development (SAIC, 2006). The
LCA methodology as per ISO 14040 (2006) is: a) defining the goal and scope to determine the
target and system boundaries of the assessment; b) compiling the life cycle inventory (LCI) based
on materials and energy inputs and their corresponding outputs and emissions for the process; c)
assess the potential human and environmental impact of the previously compiled LCI; and d)
interpret the results from LCI and impact assessment to evaluate the feasibility of a product
considering the assumptions and boundary. In this investigation, a standard LCA approach was
utilized to analyze the environmental impacts of the REEs production.

4.1. Goal and Scope
4.1.1. Investigated Regions
As the largest REEs reserve in the world, the Bayan Obo mine in Inner Mongolia, China
contains monazite and bastnasite with approximately 4-7 % rare earth oxides (Peiró & Méndez,
2013). REEs are considered as by-products of iron ore mining process in the Bayan Obo route and
approximately 60 kg of REOs are produced per 350 kg of iron extracted (Ayres & Peiró, 2013).
Furthermore, in-situ leaching process of ion adsorption clays is primarily carried out in seven
provinces located in southern China (i.e. Hunan, Zhejiang, Fujian, Jiangxi, Guangxi, Guangdong,
and Yunnan) (Luo et al., 2014). It is approximated that ion adsorption clays are the main source
for almost 35% of total REEs produced in China (Papangelakis & Moldoveanu, 2014). The mixed
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REOs from both ion adsorption clays and monazite/bastnasite pathways is first sent to solvent
extraction facilities where individual rare earth carbonates are produced. Then the individual rare
earth carbonates are converted to rare earth metals, mischmetals, and rare earth alloys in refining
process. Since rare earth metal production operation is independent of ore mining geographic
location, rare earth solvent extraction and electro-refining facilities in China can be dispersed
across the country.

4.1.2. System Boundary and Functional Unit
Defining a system boundary as a fundamental step of the LCA study is directly associated
with the data inventory and results. In this LCA investigation both gate-to-gate and cradle-to-gate
assessment were taken into account and process data including emissions, energy, and materials
are translated into specific influences on human health and the environment by a developed LCA
model. The downstream processes such as use-phase processes and disposal/recycling are not
included in the study and if required, economic allocation is performed to assign the correct
environmental impact within the process. The system boundary of the whole research was defined
as all processes from mining to rare earth metal and certain rare earth alloys manufacturing.
However, to better evaluate the environmental footprint of different processes, the ion adsorption
clays in-situ leaching, solvent extraction process, and electro-refining process were investigated
individually.

4.2. Impact Assessment
As discussed earlier, the potential environmental impact associated with systems, processes
or products is computed by analyzing and interpreting the life cycle energy and material use of the
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process/product (Rebitzer et al., 2004). To facilitate inventory analysis, many life cycle inventory
(LCI) databases such as Ecoinvent, US LCI, GaBi, and ELCD with a decent coverage on processes
have been developed.
The life cycle inventories were developed using Ecoinvent v3 database as well as
energy/mass stoichiometry and balance. Additionally, to assemble LCA results into user-friendly
numbers and easily understandable units, the USEPA TRACI as a midpoint-oriented technique
was employed for impact assessment. The impact categories include eutrophication (kg N eq),
ecotoxicity (CTUe), respiratory effects (kg PM2.5 eq), smog (kg O3 eq), non carcinogenics
(CTUh), global warming (kg CO2 eq), carcinogenics (CTUh), fossil fuel depletion (MJ surplus),
ozone depletion (kg CFC-11 eq), and acidification (kg SO2 eq). It should be noted that the
traditional pollution categories of human health criteria (cancer and non-cancer), ozone depletion,
particulate pollutants which lead to respiratory impacts, acidification, global warming, smog
formation, and eutrophication were included within TRACI.
Furthermore, another mid-point oriented approach, ILCD method was also utilized in this
study to assist progress of using results in Europe. The ILCD impact categories include ozone
depletion (kg CFC-11eq), cancer effects (CTUh), climate change (kg CO2 eq), non-cancer effects
(CTUh), water depletion (m3 water eq), marine eutrophication (kg Neq), particulate matter (kg
PM2.5 eq), terrestrial eutrophication (mole N eq), freshwater ecotoxicity (CTUe), photochemical
ozone formation (kg NMVOC eq), mineral, fossil & renewable resource depletion (kg Sb eq),
human toxicity, ionizing radiation HH (kBq U235 eq), acidification (mole H+ eq), cancer effects
(CTUh), human toxicity, ionizing radiation E (CTUe), freshwater eutrophication (kg P eq), and
land use (kg C deficit).
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4.3. Network Analysis
In this research, the carbon dioxide emissions network embodied in life cycle inventories
of rare earth elements production processes from mining to electro-refining was analyzed.
Therefore, we have chosen to use carbon dioxide emission embodied in life cycle inventories to
weight an LCI networks (of rare earth elements production process from mining to electrorefining). So, the weighted network was subsequently studied by considering the carbon dioxide
emission carried by each product flow in the life cycle inventories. Additionally, the terminology
of nodes (input materials/energy/infrastructure) and edges (mass flow of carbon dioxide emission
between nodes) commonly used in network analysis was pursued. The resulting network consists
of 84 nodes (input materials/energy/infrastructure) and 197 edges (exchanges of carbon dioxide
emissions embodied in materials or products). In this study, network metrics were visualized using
Gephi0.8.2beta and R software. Additionally, a number of network metrics which are readily
available to study the topology of network and position of nodes in a network were employed. A
more detailed explanation of each metric has been previously given in introduction section and the
translation of each metric in the context of the carbon dioxide emission network has been discussed
in chapter 8.
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CHAPTER 5. IN-SITU LEACHING OF ION ADSORPTION CLAYS

Reprinted with permission from Vahidi, E., Navarro, J., & Zhao, F. (2016). An initial life cycle
assessment of rare earth oxides production from ion-adsorption clays. Resources, Conservation
and Recycling, 113, 1-11. DOI: 10.1016/j.resconrec.2016.05.006. Copyright (2018) Elsevier.
https://www.sciencedirect.com/science/article/pii/S0921344916301161

5.1. System Boundary and Assumptions
Figure 16 presents the system boundary for the LCA study on the in-situ leaching of ion
adsorption clays. Selection of mining site (mining exploration) is not included in the system
boundary which is in agreement with other LCA studies on the REEs production (and in general
LCA studies on metal production) (Koltun & Tharumarajah, 2014; Zaimes et al., 2015). The
process ends at mixed rare earth oxides and downstream processes such as solvent extraction and
metal production were not included in the system boundary. At certain sites further processing
may occur (e.g., separating REEs into light and groups). However, this is not very common and
the separation processes adopted varies significantly from site to site. It should be noted that due
to the high capital investment, further treatment of REOs such as separation of individual REOs
via hundreds of steps in solvent extraction as well as production of rare earth metals through the
reduction process are performed at off-site, centralized facilities. These facilities can accept mixed
REOs from different mining sites, including REOs produced in both Bayan Obo and southern
China (Eggert et al., 2008; Kynicky et al., 2012).
For bastnasite and monazite, the major steps involved in the production of REEs include
mining, physical beneficiation, chemical beneficiation, solvent extraction, and metal electrorefining. For the route of ion adsorption clays, the first three steps are replaced by the in-situ
leaching process described in Chapter 3, but the remaining steps are the same. The intermediate
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products coming out of chemical beneficiation are mixed REE compounds (usually in the form of
REE oxides, carbonates, or chlorides). It is a common practice to present the throughput of a
facility in term of REE oxides (REOs) equivalent. To determine the environmental impact of the
process, it is necessary to clearly define a functional unit. To facilitate comparison, in this paper
the functional unit is defined as the production of 1 kg of 90-92% purity mixed REOs by the insitu leaching method from ion-adsorption clays in southern China.

Figure 16. System boundary for this LCA study for in-situ leaching of ion-adsorption clays.

5.2. Life Cycle Inventory Analysis
In this study, the material and energy flow data was gathered from Chinese literature and
verified through personal communications with Chinese experts working in this industry (Xiao et
al, 2003; Li, 2011; Zou, 2014). Inventory analysis was carried out using SimaPro 8 and Ecoinvent
3.0. In addition to data from literature, the emission limits set in the “Emission Standards of
Pollutants from Rare Earths Industry” were used as the best-case scenario (China Ministry of
Environmental Protection, 2011).
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Table 5 shows the major material and energy inputs and emissions for the in situ leaching
process. Since the data was collected from different sources (Xiao et al, 2003; Li, 2011; Zou, 2012;
Nuss & Eckelman, 2014; Sprecher et al., 2014; Zaimes et al., 2015) and there exist variations from
site to site, the ranges were presented. It is possible that in situ leaching process might mobilize
some heavy metals; however, there have been contradicting reports on heavy metal releases from
mining ion adsorption clays. In one study, monitoring data does not seem to suggest noticeable
increase of heavy metals in soil and water bodies close to a mining site in Longnan City, Jiangxi
Province (Du, 2001).
In another study, Su (2009) estimated that almost 1000 tons wastewater containing heavy
metals is generated to produce one-ton rare earth oxide from ion-adsorption rare earth ores during
in situ and heap leaching processes. In addition, elevated level of Mn, Pb, and Zn were found in
the soil and vegetation close to a tailing site in Hexuan City, Guangdong Province (Liu et al., 2014).
In this study, only ammonium (in the form of ammonium sulfate) was considered for the
waterborne emission and possible release of heavy metals is left for future LCA studies.
The water borne emission of ammonium mainly comes from two sources. According to
Equation (7), during ion exchange 3 moles of ammonium is needed per mole of REE extracted. In
addition to REEs, other metal ions will also be mobilized into leachate. Using the average
molecular weight of REEs (i.e. 132), it can be calculated that per kg REO produced 0.36 kg
ammonium is left in the soil. In addition, leaking is inevitable during in situ leaching and the
amount is usually 8-10% of the total leaching solution consumed. It should be noted that
ammonium emission due to the ion exchange and leaking is impossible to reduce.
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Table 5. Life cycle inventory data for production of 1 kg REO from ion-adsorption clays.
Input
Site preparation
Soil removal and hole
drilling
PVC pipes
(Materials/Processes

Low

High

Unit

Ecoinvent Unit Process

1.1

1.2

m3

Excavation,
hydraulic
processing | Alloc Def, U

0.092 0.100

kg

Polyvinylchloride, suspension polymerised
{China}|
polyvinylchloride
production,
suspension polymerisation | Alloc Def, U

0.004 0.006

kg

Limestone, crushed, for
production | Alloc Def, U

0.096 0.106

kg

Extrusion, plastic pipes {China}| production |
Alloc Def, U

digger

mill

{China}|

{China}|

Extraction step
Ammonium sulfate

6.1

10.4

kg

Ammonium sulfate, as N {China}| ammonium
sulfate production | Alloc Def, U

Ammonium bicarbonate

2.2

4.5

kg

Ammonium bicarbonate {China}| production |
Alloc Def, U

Sulfuric acid

0.3

0.75

kg

Sulfuric acid {China}| production | Alloc Def,
U

liter

Water, deionized, from tap water, at user
{GLO}| market for | Alloc Def, U
Citric acid {CN}| production | Alloc Def, U

Water

1000

Oxalic acid

1.2

1.5

kg

Electricity

0.53

5.3

kWhr

Electricity, medium voltage {CN}| market for |
Alloc Def, U

Calcination

0.624 0.780

MJ

Heat, district or industrial, other than natural
gas {CN}| treatment of blast furnace gas, in
power plant | Alloc Def, U

𝑁𝐻4+ as emission to water

0.26

3.5

kg

Ammonium, ion

𝑆𝑂42− as emission to water

4.72

8.28

kg

Sulfate

0.46

kg

Carbon dioxide

0.34

kg

Ammonium, ion

Direct Emission

CO2
release
calcination)

(from

𝑁𝐻4+ as emission to soil
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The other major source of ammonium release is the effluent from processing the collected
leachate. The worst-case scenario would be no wastewater treatment is done and all ammonium is
released into environment. The best-case scenario would be all wastewater is treated on site and
the effluent discharged meets the emission standard of China Ministry of Environmental Protection
(i.e. 50mg/L).
For electricity usage, cost is usually presented in literature and a wide range has been
reported i.e. 0.25-2.5 Chinese Yuan/kg REO (Zou, 2012; Li, 2011). The wide range is likely due
to the availability of fresh water and the elevation of the mining zone thus the energy needed to
pump water. The electricity consumption is calculated assuming an average electricity cost of 0.43
Chinese Yuan/kWhr. It should be noted that this price is for agriculture users. Since most in situ
leaching facilities draw electricity from villages nearby, this assumption is reasonable. For water
usage, it is assumed that the water used comes from water bodies close to the mining site and only
minimal treatment (sedimentation and sand filtration) is performed. As a result, electricity is the
only major input and is accounted in the total electricity consumption.
Given the limit coverage of the Ecoinvent database, European averages (RER) or global
averages (GLO) were used with energy mix (electricity, heat and diesel) adjusted to reflect
production in China (CN). In addition, citric acid (CN) was used in place of oxalic acid, since an
Ecoinvent unit process for oxalic acid does not exist. It may be noted that Nuss and Eckelman
(2014) performed an LCA of metals and utilized the same substitution. Since oxalic acid and citric
acid can both be industrially produced from carbon monoxide, this substitution was found to be
acceptable (Riemenschneider & Tanifuji, 2011). The contribution for capital equipment (e.g.
hydraulic digger and water pumps) is very small (less than 1% based on Ecoinvent datasets) thus
excluded.
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5.3. LCA Results and Discussion
5.3.1. Environmental Impacts of in situ Leaching
Table 6 shows the results of the life cycle inventory assessment using TRACI and
Cumulative Energy Demand (CED), with a low estimation and a high estimation for all the ten
impact categories considered. It can be seen that due to varying site and process conditions, there
could be significant difference with regard to environmental impacts. For categories other than
eutrophication in which the high estimate is almost nine times of the low estimate, the high
estimate is about 130% to 180% of the low estimate. For eutrophication, the difference is much
higher (i.e. 900%). The reason is that the low estimate represents an ideal case which assumes the
facility has wastewater treatment unit and the effluent meets emission standard i.e. 50mg/L
ammonium. In this best-case scenario, ammonium release is largely due to ion exchange and
leakage.

Table 6. Low and high estimates of life cycle impacts for ion adsorption clays using TRACI.
Impact category
Global warming
Acidification
Carcinogenics
Non-carcinogenics
Respiratory effects
Eutrophication
Ozone depletion
Ecotoxicity
Smog
Fossil Fuel Depletion
CED

Unit
kg CO2-Eq
kg SO2 eq
CTUh
CTUh
kg PM2.5 eq
kg N eq
kg CFC-11 eq
CTUe
kg O3 eq
MJ surplus
MJ

Low
2.09E+01
1.65E-01
1.39E-06
1.04E-05
2.59E-02
3.03E-01
2.43E-06
2.79E+02
1.56E+00
1.26E+01
2.55E+02

High
3.55E+01
2.88E-01
2.21E-06
1.69E-05
4.47E-02
2.87E+00
3.21E-06
4.49E+02
2.62E+00
1.77E+01
3.88E+02

In reality, however, due to lack of enforcement, many mining facilities do not treat
wastewater thus all ammonium is released into environment. Studies report that the actual effluent
could contain ammonium up to 4000 mg/L, which is in agreement with the high estimate on
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ammonium release listed in Table 5. Table 7 shows the results using ILCD for fourteen impact
categories. Similar to the results for TRACI, the variation between high and low estimations is
almost 130% to 190% for all environmental categories except marine eutrophication in which
higher estimation is 1100% larger than lower estimation. To identify flows that contribute most to
these environmental impacts, Table 8 gives the contributions (in percentage) of each entry listed
in Table 5 using data reported for a mining site in Jiangxi province (Zou et al. 2012). As expected
direct water borne emission dominates the eutrophication due to the large amount of ammonium
discharged to soil and water during ion exchange and wastewater disposal.

Table 7. Low and high estimates of life cycle impacts for ion adsorption clays using ILCD.
Impact category
Climate change
Ozone depletion
human toxicity (non-cancer related)
human toxicity (cancer related)
Particulate matters
Ionizing radiation
Photochemical ozone formation
Acidification
Terrestrial eutrophication
Freshwater eutrophication
Marine eutrophication
Ecotoxicity
Water resource
Minerals and fossil fuels

Unit
kg CO2 eq
kg CFC-11 eq
CTUh
CTUh
kg PM2.5 eq
kBq U235 eq
kg NMVOC eq
molc H+ eq
molc N eq
kg P eq
kg N eq
CTUe
m3 water eq
kg Sb eq

Low
2.09E+01
2.33E-06
1.04E-05
1.39E-06
3.17E-02
1.62E+00
9.81E-02
1.99E-01
2.86E-01
1.11E-02
2.40E-01
2.80E+02
2.99E+01
2.98E-03

High
3.55E+01
3.07E-06
1.69E-05
2.21E-06
6.01E-02
2.27E+00
1.65E-01
3.49E-01
4.64E-01
1.78E-02
2.77E+00
4.51E+02
5.36E+01
4.67E-03

Among all the chemicals consumed, ammonium sulfate is one of the largest contributors
to most of the impact categories. In practice, sodium chloride has been used as an alternative.
However, sodium ion can only offer a much lower selectivity than ammonium. As a result, when
sodium chloride is used the concentration is usually 7-8%, which is much higher than the case of
ammonium sulfate (1-2%). Discharging large amount of sodium will harm soil fertility. In addition,
products coming out of precipitation tend to have lower purity (Shi, 2009). It should also be noted
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that contributions from oxalic acid are quite significant in most categories. Since citric acid is used
as a surrogate for oxalic acid, developing an LCI for oxalic acid is highly desirable in order to
reduce model uncertainties.

Table 8. Contributions of material/energy flows and process emission.
Impact category

Direct Ammonium Ammonium
emission
sulphate bicarbonate

Oxalic
acid

Electricity

Site Prep.
& Water

Global Warming

0%

22%

17%

34%

17%

10%

Acidification

0%

22%

15%

36%

20%

7%

Carcinogenics

0%

55%

10%

23%

4%

8%

Non-carcinogenics

0%

62%

11%

20%

3%

4%

Respiratory effects

0%

40%

15%

25%

14%

6%

Eutrophication

95%

3%

1%

1%

0%

0%

Ozone depletion

0%

26%

4%

54%

1%

15%

Ecotoxicity

0%

63%

11%

20%

2%

4%

Smog

0%

19%

17%

35%

18%

11%

Fossil Fuel

0%

26%

8%

44%

5%

17%

CED

0%

37%

13%

30%

12%

8%

5.3.2. Comparison with Bastnasite/Monazite Route
It is interesting to compare the environmental profiles of REOs produced from ion
adsorption clays via in-situ leaching and those from bastnasite and monazite. Table 9 summaries
the published LCA studies on the bastnasite/monazite route as against this study. It can be seen
that these studies vary with respect to system boundary, functional unit, and LCIA methods. Since
the paper by Nuss and Eckelman (2014) has a focus on pure REEs (as metal), and covers a much
broader system boundary, it is excluded from further comparison. Table 10 compares the
environmental profiles in term of selected impact categories of REOs produced from the ion
adsorption route and bastnasite/monazite route.
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Table 9. Summary of selected LCA studies on REEs.
Reference
Year
Functional
unit

Software

Nuss &
Eckelman

Sprecher et al.

Koltun &
Tharumarajah

Zaimes et al.

Current
study

2014

2014

2014

2015

2015

1 kg of 98.0%–
99.9% purity
mixture of REO

1 kg of REO

1 kg of 9092% purity
REO

1 kg of element at 1 kg of 99% pure
factory gate
REO

SimaPro 8

CMLCA 5.2

SimaPro

Not mention

SimaPro 8

ReCiPe, USETox

CML 2001

Eco-indicator 99

TRACI

TRACI/ILCD

Database

Ecoinvent 2.2

Ecoinvent 2.2

Ecoinvent 2.2

Ecoinvent 3

Ecoinvent 3

Ore/Site

Bastnasite/
Mountain Pass
and Bayan Obo

BastnasiteMonazite/
Bayan Obo

BastnasiteMonazite/
Bayan Obo

BastnasiteMonazite/
Bayan Obo

Ion-adsorption
clays/
Southern
China

LCIA
method

For the Sprecher et al. (2014) study, LCI was recreated and TRACI was used to calculate
a new set of environmental profiles. Given the limited information available, assumptions have to
be made along the way so caution has to be taken when interpreting those numbers. As shown in
Table 10, REOs produced from ion adsorption clays route has similar impacts with regard to global
warming and cumulative energy demand compared to other REOs processing routes. The study of
Sprecher et al. (2014) reports smaller impacts over all categories than the other two studies given
the functional unit is 99% pure REOs (i.e. some further refining/separation is included).
On the other hand, for acidification and eutrophication the differences are significant.
Processing of bastnasite-monazite leads to much higher acidification. This is due to the release of
sulfur dioxide from the chemical beneficiation process, during which concentrated REE ores are
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roasted with sulfuric acid at 550-750 ˚C. Contrary to acidification, in site leaching of ion adsorption
clays leads to significantly higher eutrophication, even under the best-case scenario.
It should be noted that the functional units defined in all LCA studies listed in Table 9 are roughly
the same i.e. 1 kg REOs mixtures. This appears to be a reasonable approach when the processing
of monazite and/or bastnasite is analyzed since the REO content in these two ores are quite similar.
However, REO mixtures derived from ion adsorption clays have significantly different
composition (i.e. higher HREEs content as shown Table 4). HREEs have their own niche
applications (thus delivering different “functions”) and usually have higher market price.
Therefore, it is interesting to present and compare the environmental impacts associated with
individual REO derived from different ores.

Table 10. Environmental profiles of REOs produced from ion adsorption clays and
bastnasite/monazite.
Category

Unit

Sprecher et al.

Koltun &
Tharumarajah

Zaimes et al.

Current study

Global
warming

kg CO2 eq

12-16

32.29-34.49

22.98–35.27

20.9–35.5

Acidification

kg SO2 eq

6.4-8.8

N/A

96.27–99.28

0.165–0.288

kg N eq

0.04-0.06

N/A

0.18–0.27

0.303– 2.87

kg PM2.5 eq

N/A

N/A

0.16–0.18

0.026–0.045

Eutrophication
Respiratory
effects
Ozone
depletion
CED

kg CFC-11 eq 2.0E-06–3.5E-06
MJ

174-232

N/A
169.2–179.5

3.8E-06–2.0E-05 2.4E-06–3.2E-06
315.0–578.8

255-388

To determine environmental impacts of individual REO, economic value based allocation
is adopted here. Let Pi represents the market price of i-th REO, and Cij represents the concentration
of i-th REO in the derived REO mixture from ore type j, the allocation coefficient for i-th REO
from ore type j can be calculated as:
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𝑥𝑖𝑗 = (𝑃𝑖 ∗ 𝐶𝑖𝑗 )⁄∑𝑖(𝑃𝑖 ∗ 𝐶𝑖𝑗 ) = (𝑃𝑖 ∗ 𝐶𝑖𝑗 )⁄𝑉𝑗

(11)

Here Vj is the market value of REO mixture derived from ore type j. If it is assumed that
the recovery rate is the same for all REOs, Cij is the same as the REE distributions in the original
ore (see Table 4). Using allocation coefficient xij, environmental impact (e.g. global warming,
acidification, and eutrophication) of 1 kg i-th REO from ore type j is:
𝐸𝑖𝑗 = (𝑥𝑖𝑗 ∙ 𝐸𝑗 )⁄𝐶𝑖𝑗 = (𝑃𝑖 ∗ 𝐸𝑗 )⁄𝑉𝑗

(12)

Where Ej is the environmental impact of mixed REOs derived from ore type j as shown in
Table 10. Further, a conversion factor αij can be defined as:
𝛼𝑖𝑗 = 𝐸𝑖𝑗 ⁄𝐸𝑗 or 𝐸𝑖𝑗 = 𝛼𝑖𝑗 ∙ 𝐸𝑗

(13)

From Equation 13, αij can be calculated:
𝛼𝑖𝑗 = 𝐸𝑖𝑗 ⁄𝐸𝑗 =𝑃𝑖 ⁄𝑉𝑗 = 𝑃𝑖 ⁄∑𝑖(𝑃𝑖 ∗ 𝐶𝑖𝑗 )

(14)

Table 11 shows the values of conversion factor αij for all ore types listed in Table 4. Due
to limitation on data availability, Tm, Ho, and Lu (the least abundant elements) are not included
in this allocation. Using data in Table 11, one can determine the environmental impact of 1 kg ith REO from ore type j using Equation 14.
From Table 11, it can be seen that the conversion factors αij for ion adsorption clays are
significantly lower than those of bastnasite and monazite. Per the definition of αij (Equations 13
and 14) this is due to the fact that market value of REOs derived from ion adsorption clays is 3-5

59
times higher than those derived from bastnasite and monazite since ion adsorption clays contain
much higher content of high value HREEs.

Table 11. Share of environmental impact allocated for REOs produced from ion-adsorption clays.
Bayan
Obo

Mountain
Pass

Bastnasite
+
Monazite

Bastnasite

Ion Adsorption Clay

Site A

Site B

Site C

Site D

Site E

Site F

REO

Pi
US$/kg

La2O3

13

0.38

0.49

0.09

0.11

0.08

0.16

0.13

0.09

CeO3

12

0.35

0.45

0.08

0.10

0.08

0.14

0.12

0.09

Pr6O11

95

2.74

3.55

0.64

0.78

0.60

1.15

0.93

0.68

Nd2O3

77

2.22

2.88

0.52

0.63

0.49

0.93

0.75

0.55

Sm2O3

23

0.66

0.86

0.16

0.19

0.15

0.28

0.23

0.16

Eu2O3

2150

62.08

80.45

14.56

17.60

13.60

25.96

21.04

15.28

Y2O3

50

1.44

1.87

0.34

0.41

0.32

0.60

0.49

0.36

Gd2O3

75

2.17

2.81

0.51

0.61

0.47

0.91

0.73

0.53

Tb2O3

1750

50.53

65.48

11.85

14.33

11.07

21.13

17.13

12.44

Dy2O3

975

28.15

36.48

6.60

7.98

6.17

11.77

9.54

6.93

Er2O3

77

2.22

2.88

0.52

0.63

0.49

0.93

0.75

0.55

Yb2O3

69

1.99

2.58

0.47

0.56

0.44

0.83

0.68

0.49

158.1

82.8

102.2

140.7

𝜶𝒊𝒋

𝑽𝒋
REO mixture
34.63

26.72

147.7

122.2

Since on per kg REO mixture basis in situ leaching has similar or lower (acidification)
environmental impacts (except eutrophication) than bastnasite/monazite processing, individual
REO from ion adsorption clay has much lower environmental impacts after economic value based
allocation is carried out. Even for eutrophication, the smaller αij for ion adsorption clays helps to
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bring down the impacts associated with individual REO. On per kg individual REO basis the
numbers are on par with (or even less than if low estimate is used) those from bastnasite/monazite.
In the baseline scenario, it was assumed that the electricity required in the in situ leaching
process is generated by mix of fuels in China (Electricity, medium voltage {CN}| market for |
Alloc Def, U). Some small mining operations may use diesel generators (Diesel, burned in dieselelectric generating set {China}| processing | Alloc Def, U) to produce electricity. Table 12
illustrates the effects of different electricity generation on environmental impacts (TRACI) of 1 kg
REOs using high estimates. Here the emissions from diesel generator are assumed to meet the
Chinese standard on off-road diesel engines (State Environmental Protection Administration;
2007). It can be seen neither power grid or diesel generator has a clear advantage over the other.
Since electricity is not a major contributor to any impact category, the effects on the final results
are relatively small.
Some of the negative environmental impacts caused by in-situ leaching are difficult to
quantify. For example, in-situ leaching may damage vegetation, trigger landslides (given the
favorable climate conditions), and cause ground subsidence (Zou et al., 2014). These impacts may
happen over long term and may not be seen during mining. This can get even more complicated
as each mine site has its unique geological characteristics.
The life cycle inventory compiled in this study is based on Chinese literatures. This is
expected since almost all the mining of ion adsorption clays occurs in China. Although there are
many studies that report material/energy consumption and environmental emissions associated
with in site leaching of ion adsorption clays, a complete inventory is in general not available in a
single study. To make it worse, REE distribution and mining operation could vary significantly
from site to site, and some of the studies may be out of date. Even with the low/high range
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presented, the numbers may not be representative for the current mining activities in China.
Furthermore, there is illegal and unregulated REE extraction occurring, which constitutes a
considerable share of the market (Yang et al., 2013), but material/energy consumption and
environmental releases at these sites are largely unknown. The inventory and the resulted impact
assessment reported here likely carry large uncertainties and have to be used with caution.

Table 12. TRACI results for REOs production: electricity from grid vs. diesel generator.

Impact category

Unit

Grid
electricity
per kWhr

Diesel
generator
per kWhr

Production using
grid mix
per kg REOs

Production using
diesel generator
per kg REOs

Ozone depletion

kg CFC-11 eq

5.07E-09

2.73E-08

3.21E-06

3.33E-06

Global warming

kg CO2 eq

1.14E+00

3.40E-01

3.55E+01

3.12E+01

Smog

kg O3 eq

8.84E-02

1.40E-01

2.62E+00

2.89E+00

Acidification

kg SO2 eq

1.06E-02

4.32E-03

2.88E-01

2.55E-01

Eutrophication

kg N eq

1.28E-03

3.03E-04

2.87E+00

2.86E+00

Carcinogenics

CTUh

1.79E-08

1.08E-09

2.21E-06

2.12E-06

Non carcinogenics

CTUh

9.43E-08

9.65E-09

1.69E-05

1.64E-05

Respiratory effects

kg PM2.5 eq

1.16E-03

7.54E-04

4.47E-02

4.26E-02

CTUe

1.66E+00

1.18E-01

4.49E+02

4.41E+02

MJ surplus

1.65E-01

6.79E-01

1.77E+01

2.04E+01

Ecotoxicity
Fossil fuel depletion

5.4. Summary and Conclusion
This study represents the first LCA effort on the production of REOs via in-situ leaching
of ion adsorption clays in southern China. Material/energy flow and emission data were extracted
from Chinese literature on mining activities carried out at different sites within the region.
Ecoinvent 3.0 database and SimaPro 8.0 were used for inventory analysis. EPA TRACI and ILCD
were used for impact assessment, with cumulative energy demand replacing fossil fuel usage.
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Given the large variance on material and energy flows reported for different mining sites, the
results were calculated and presented as low and high estimates.
The estimates show that most environmental impact categories range from between 130%
and 180% of the low estimate, with the exception of eutrophication which is approximately 900%
if using TRACI) or 1100% if using ILCD. In terms of the materials consumed, ammonium sulfate
had the most significant influence across all impact categories. Oxalic acid also had significant
contribution. Since citric acid was used as a surrogate for oxalic acid in this investigation, this
represents an area where a clear understanding of environmental impacts associated with oxalic
acid production would be beneficial.
The results were compared to published studies on the bastnasite/monazite processing route
for REOs. On the basis of 1 kg REO mixture, the environmental impact for the in-situ leaching of
ion-adsorption clays is similar to the bastnasite/monazite route with regard to global warming and
cumulative energy demand. However, in situ leaching tends to have much smaller impact in the
category of acidification but significantly higher impact in the category of eutrophication. In
addition, economic value based allocation was used to determine environmental impacts of
individual REO. Since the content of high value HREEs is much higher in ion adsorption clay,
individual REO from in situ leaching has lower environmental impacts across almost all categories
considered. Given their unique geological features, ion-adsorption clays will continue to play a
role in the production of REEs, especially HREEs. Results of this LCA study can be combined
with previous studies to give a more accurate picture on the environmental profiles of REEs and
REOs. This in turn leads to better understanding on the environmental impacts of products
incorporating REEs.
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CHAPTER 6. SOLVENT EXTRACTION PROCESS

Reprinted with permission from Vahidi, E., & Zhao, F. (2017). Environmental life cycle
assessment on the separation of rare earth oxides through solvent extraction. Journal of
environmental management, 203, 255-263. DOI: 10.1016/j.jenvman.2017.07.076. Copyright
(2018) Elsevier. https://www.sciencedirect.com/science/article/pii/S0301479717307685

6.1. System Boundary and Assumptions
As shown in Figure 17, the process begins with mixed rare earth chlorides from different
mining sites in China and upstream processes such as mining, beneficiation, and leaching are not
considered in the system boundary of this study. Furthermore, the process ends with individual
rare earth carbonates as the product of hundred steps of the solvent extraction process and therefore,
electro-refining and metal production as the downstream processes were excluded from the system
boundary. In this investigation, one ton of rare earth chloride aqueous solution processed at a
solvent extraction facility in China to produce individual rare earth carbonates was defined as the
functional unit.

Figure 17. Simplified system boundary of REO processing using solvent extraction process.
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6.2. Life Cycle Inventory Analysis
In this research, the energy and material flows data for ion adsorption clays and
monazite/bastnasite pathways shown in Table 13 and Table 14 were collected from Chinese
published reports and verified with Chinese literature (Shi, 2009). Inventory analysis was
performed using SimaPro 8 and Ecoinvent 3.0 and it is worth mentioning that all datasets in the
investigation were used based on attributional modeling (Alloc. Def.) instead of consequential
modeling. Table 13 shows the major emissions and materials/energy inputs to process one ton of
rare earth chloride aqueous solution at a solvent extraction facility in Bayan Obo area in China.
In the solvent extraction facility in Bayan Obo area, carbon dioxide, sulfur dioxide,
particulate matters, and nitrogen oxides were considered as airborne emissions. Also, solid wastes
including hazardous wastes and municipal wastes are generated during the process. Additionally,
COD, BOD5, suspended solids, and ammonium ions are taken into account as waterborne
emissions based on the Chinese production reports.
Regarding the solvent extraction facility in Fujian province (southern China) where it was
assumed that one ton of rare earth chloride aqueous solution from ion adsorption clays is processed,
hydrogen chloride, carbon dioxide, chlorine, sulfur dioxide, particulate matters, nitrogen oxides,
and hydrocarbons were considered as airborne emissions and similar to the facility in Bayan Obo,
a number of waterborne emissions and solid wastes were also generated in the solvent extraction
plant in Fujian province. Table 14 shows the major energy and material inputs and emissions to
process 1 ton of rare earth chloride aqueous solution from ion adsorption clays at a solvent
extraction facility in Fujian province, Southern China.

65
Table 13. Life cycle inventory data to process 1 ton of rare earth chloride aqueous solution at a
solvent extraction facility in Bayan Obo area, China.
Input / Output

Consumption

Unit Ecoinvent Unit Process

Inputs from technosphere
Barium chloride

41.86

kg

Compiled inventory for barium chloride

Electricity mix

1.7

GJ

CN: market for electricity, medium voltage

Sodium hydroxide

851.6

kg

GLO: market for NaOH, 50% solution

Hydrochloric acid

2317

kg

CN: production of HCl, 30% solution

Ammonium bicarbonate

766

kg

CN: production of ammonium bicarbonate

29.69

GJ

CN: market for hard coal

Soda ash

511

kg

CN: market for soda production, solvay process

Sulfonated kerosene

18.6

kg

Compiled inventory for sulfonated kerosene

Alamine 336

0.325

kg

Compiled inventory for Alamine 336

Naphthenic acid

0.232

kg

Compiled inventory for Naphthenic acid

P204

8.14

kg

Compiled inventory for P204

2-Ethylhexanol

0.232

kg

Compiled inventory for 2-Ethylhexanol

15.47

m3

Water, well, in ground

Cerium carbonate

273

kg

As rare earth oxide

Lanthanum carbonate

147

kg

As rare earth oxide

Praseodymium carbonate

27

kg

As rare earth oxide

87

kg

As rare earth oxide

11

kg

As rare earth oxide

Hazardous waste

1.70E-3

kg

Solid waste

Municipal waste

7.58

kg

Solid waste

COD

0.272

kg

Waterborne emission

BOD5

0.163

kg

Waterborne emission

Suspended solids

9.74E-2

kg

Waterborne emission

N as ammonium

2.25E-2

kg

Waterborne emission

Carbon dioxide

1612.1

kg

Airborne emission, Inorganic emissions to air

Sulphur dioxide

11.68

kg

Airborne emission, Inorganic emissions to air

Particulates, > 10 um

7.6

kg

Airborne emission, long-term to air

Nitrogen oxides

5.24

kg

Airborne emission, long-term to air

Natural gas

Input from nature
Water
Outputs

Neodymium carbonate
Samarium, Europium,
Gadolinium chloride
Direct emissions
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Table 14. Life cycle inventory data to process 1 ton of rare earth chloride aqueous solution from ion
adsorption clays at a solvent extraction facility in Fujian province, Southern China.
Input / Output
Consumption Unit Ecoinvent Unit Process
Inputs from technosphere
Barium chloride
57.74
kg Compiled inventory for barium chloride
Electricity mix
1.46
GJ CN: market for electricity, medium voltage
Sodium hydroxide
2618.3
kg GLO: market for NaOH, 50% solution
Hydrochloric acid
5701
kg CN: production of HCl, 30% solution
Oxalic acid
433
kg CN: production of acetic acid
Natural gas
38.69
GJ RoW: market for natural gas, high pressure
Soda ash
315
kg CN: market for soda production, solvay process
Sulfonated kerosene
18.6
kg Compiled inventory for sulfonated kerosene
Naphthenic acid
8.5
kg Compiled inventory for Naphthenic acid
P204
13.8
kg Compiled inventory for P204
2-Ethylhexanol
18.6
kg Compiled inventory for 2-Ethylhexanol
Input from nature
Water
30.84
m3 Water, well, in ground
Outputs
LaO
149
kg As rare earth oxide
CeO
16
kg As rare earth oxide
Pr6O11
33
kg As rare earth oxide
NdO
121
kg As rare earth oxide
SmO
26
kg As rare earth oxide
GdO
25
kg As rare earth oxide
DyO
19
kg As rare earth oxide
ErO
10
kg As rare earth oxide
YbO
10
kg As rare earth oxide
YO
125
kg As rare earth oxide
EuO, Tb4O7, HoO,
13
kg As rare earth oxide
TmO, LuO
Direct emissions
Low radioactivity waste
58.98
kg Solid waste
Hazardous waste
1.47
kg Solid waste
Wastewater sludge
1.17
kg Solid waste
Municipal waste
2.90
kg Solid waste
Wastewater
29.47
M3 Waterborne emission
COD
2.67
kg Waterborne emission
N as ammonium
0.17
kg Waterborne emission
Chlorine ion
6.97
kg Waterborne emission
Oil
0.02
kg Waterborne emission
Suspended solids
0.44
kg Waterborne emission
Hydrogen chloride
7.63E-3
kg Airborne emission, Inorganic emissions to air
Carbon dioxide
2101.3
kg Airborne emission, Inorganic emissions to air
Chlorine
1.17E-3
kg Airborne emission, Inorganic emissions to air
Hydrocarbons
1.29E-2
kg Airborne emission, long-term to air
Sulphur dioxide
8.81E-3
kg Airborne emission, Inorganic emissions to air
Particulates, > 10 um
5.22E-2
kg Airborne emission, long-term to air
Nitrogen oxides
1.27
kg Airborne emission, long-term to air
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When practical, Chinese-specific life cycle information was taken into account in the
assessment; in different circumstances, given the limit scope of the Ecoinvent dataset, global
average (GLO) was utilized with energy mix (natural gas, heat, electricity, and diesel) modified to
indicate production in China (CN). Regarding water consumption, it was assumed that only some
minimal treatment processes (sand filtration and sedimentation) are carried out and the only major
input for the water treatment is electricity. Moreover, it was supposed that water bodies adjacent
to the facility supply the water utilized in the process. Additionally, oxalic acid was replaced by
acetic acid produced in China (CN) since there is no unit process in Ecoinvent 3 database for oxalic
acid. This substitution was considered to be acceptable given the fact that both acetic acid and
oxalic acid can be manufactured by carbon monoxide in industrial scale (Riemenschneider &
Tanifuji, 2000). Furthermore, Nuss and Eckelman (2014) used the same substitution in their LCA
study of 63 different elements comprising all the lanthanide series.

6.2.1. P204 and 2-Ethylhexanol Manufacturing

One of the biggest challenges in conducting life cycle assessment is data availability. Since,
there are no relevant inventories available in Ecoinvent dataset for a number of input materials
such as P204, sulfonated kerosene, naphthenic acid, 2-ethylhexanol (iso-octyl alcohol), Alamine
336, and barium chloride, in this study, new inventories were compiled based on the mentioned
materials’ production routes and their stoichiometric equations derived from technical literature
(Hischier et al., 2005).

nHR(org.) + Mn+(aq.) = nMR(org.) +nH+(aq.)

(15)
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Figure 18. Chemical structure of P204 (left) and chemical structure of 2-Ethylhexanol (right).

P204 (Di-2-ethylhexyl phosphoric acid) is a widely used organic extractant, commercially
applied in the hydrometallurgical separation of copper, cobalt, zinc, nickel, and rare earth elements.
The chemical structure of P204 is shown in Figure 18. According to Equation 14, using cation
exchange mechanism, the metal ions (Mn+) are transferred from the aqueous phase into the
extractant (HR) where R is (C8H17O)2P(O)O.

Figure 19. P204 production steps.

69
Different pathways have been introduced for the synthesis of P204 as an acidic extractant.
A typical production process is broadly classified into six steps as shown in Figure 19. In the first
step, synthesis gas comprised of hydrogen and carbon monoxide reacts with propylene to form
normal butyraldehyde. Then during aldolization process, two molecules of n-buthyraldehyde
produce a butyraldol molecule which is further converted to 2-ethyl 3-propyl acrolein (EPA) in a
dehydration reaction in the presence of aqueous caustic soda at 120°C.

Table 15. Utilization of auxiliary and raw energy and materials in the production of 1 kg P204 in
China.
Input
materials/energy

Value

Unit Ecoinvent Unit Process

electricity

9.00E-01

MJ

CN: market for electricity, medium voltage

sodium hydroxide

3.32E-01

kg

GLO: market for sodium hydroxide, 50% solution

carbon monoxide

1.03E+00

kg

GLO: market for carbon monoxide

phosphorous chloride

6.16E-01

kg

GLO: market for phosphorous chloride

chlorine

2.86E-01

kg

GLO: market for chlorine, liquid

propylene

1.55E+00

kg

GLO: market for propylene

hydrogen

2.73E-01

kg

GLO: market for hydrogen, liquid

nitrogen

5.58E-01

kg

GLO: market for nitrogen, liquid

water

1.96E-01

kg

GLO: market for deionized water

The EPA molecule is subsequently hydrogenated in the liquid phase at a temperature of
approximately 160°C and at a pressure below 30 bars to produce 2-ethylhexanol as a by-product
which is consumed in the rare earth solvent extraction operation. In the next stage, phosphorus
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trichloride reacts with 2-ethylhexanol in a molar ratio of PCl3: alkanol of 1:3 in the esterification
process under an inert gas (nitrogen) atmosphere and at temperature 10 to 15°C. Then, the
chlorination step is performed by adding the chlorine at 20°C, over a 2-3-hour period to produce
phosphochloridate by oxidation of diphosphite produced in the esterification process. Afterward,
the hydrolysis reaction is carried out in the final step at 80-100°C for about 2 hours using extra
amount of water over the stoichiometric amount to produce P204 (Huang, 2010; Marwah et al.,
2002). Table 15 shows the utilization of raw and auxiliary input energy and materials used in the
LCA of 1 kg P204 production.

6.2.2. Other Chemicals Absent in Ecoinvent
Utilization of raw and auxiliary energy and materials in the production of 1 kg barium
chloride, naphthenic acid, sulfonated kerosene, Alamine 336, and 2-Ethylhexanol were shown in
Table 16. Based on the table, to produce 1 kg barium chloride (BaCl2), 1.102 kg barite (BaSO4),
0.932 kg calcium chloride (CaCl2) and 0.386 kg coal are needed. In addition, it was assumed that
naphtha as a product of fractional distillation of crude oil can be used to produce naphthenic acid.
Sodium hydroxide and electricity are also required in the production pathway (Brient et al., 1995).
To produce sulfonated kerosene a concentrated sulfuric acid solution is employed to wash
kerosene and then soda ash solution is used for neutralizing the solution and finally distilled water
is utilized to wash the solution until the pH was neutral (Hanson et al., 2003; Zhang et al., 2014).
Production of Alamine 336 as a tertiary amine and an organic extractant is possible by amination
of fatty alcohols in the presence of hydrogen (Ashford, 1994). As explained before, 2-ethylhexanol
is one of the intermediates during P204 synthesis (Huang, 2010; “Oxo Alcohols”, 2016) and the
chemical structure of 2-ethylhexanol is shown in Figure 18.
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Table 16. Utilization of auxiliary and raw energy/materials in the production of 1 kg BaCl3, 1 kg
naphthenic acid, 1 kg sulfonated kerosene, 1 kg Alamine 336, and 1kg 2-Ethylhexanol.
materials/energy

Value

Unit Ecoinvent Unit Process

Barium chloride
calcium chloride
hard coal
barite
Naphthenic acid
electricity mix
sodium hydroxide

1
9.33E-1
3.86E-1
1.10E+0
1
5.71E-1
3.52E-1

kg
kg
kg
kg
kg
MJ

naphtha
Sulfonated kerosene
sulfuric acid
kerosene
water
soda ash
Alamine 336
electricity mix
ammonia

8.63E-1
1
6.24E-1
5.41E-1
1.00E-1
1.69E-2
1
5.42E-2
4.38E-1

kg
kg
kg
kg
kg
kg
kg
MJ
kg

hydrogen
fatty alcohol
2-Ethylhexanol
electricity mix
sodium hydroxide

2.22E-2
3.35E-1
1
5.04E-1
1.71E-2

kg
kg
kg
MJ
kg

kg

GLO: market for calcium chloride
CN: market for hard coal
RoW: barite production
CN: market for electricity, medium voltage
GLO: market for sodium hydroxide, 50%
solution
RoW: petroleum refinery operation
RoW: sulfuric acid production
RoW: market for kerosene
RoW: market for tap water
RoW: soda production, solvay process
CN: market for electricity, medium voltage
RoW: ammonia production, partial
oxidation, liquid
RoW: market for hydrogen, liquid
GLO: market for fatty alcohol
CN: market for electricity, medium voltage
GLO: market for sodium hydroxide, 50%
solution

Table 16 continued
hydrogen
carbon monoxide
propylene

1.73E-1
5.90E-1
8.85E-1

kg
kg
kg

GLO: market for hydrogen, liquid
GLO: market for carbon monoxide
GLO: market for propylene

6.3. LCA Results and Discussion
6.3.1. Comparison between Generic Organic Solvent and Compiled Inventory for P204
A comparative LCA study of “P204” and “Chemicals organic, at plant [GLO]” was
performed and the life cycle impacts results are shown in Table 17. As noted earlier, the Ecoinvent
inventory “Chemicals organic, at plant [GLO]” was previously used as a surrogate for P204. As
shown in Table 17, in comparison with the production of “Chemicals organic, at plant [GLO]”,
P204 manufacturing has greater environmental burdens on all TRACI impact categories. This is
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expected since P204 is a specialty solvent and the product pathway is rather lengthy. Moreover,
the current results confirm past findings regarding the impact of organic extractant production on
the depletion of ozone layer (Sivasakthivel & Reddy, 2011; Sultana et al., 2015).

Table 17. Life cycle impacts for manufacturing process of 1 kg of “P204” and “chemicals organic,
at plant [GLO]” using TRACI 2.1V1.02 / US 2008.
Impact category
Ozone depletion
Global warming
Smog
Acidification
Eutrophication
Carcinogenics
Non carcinogenics
Respiratory effects
Ecotoxicity
Fossil fuel depletion

Unit
kg CFC-11eq
kg CO2eq
kg O3eq
kg SO2eq
kg Neq
CTUh
CTUh
kg PM2.5eq
CTUe
MJ surplus

P204
1.35E-06
9.09E+00
5.23E-01
5.09E-02
2.44E-02
3.47E-07
1.83E-06
7.75E-03
4.32E+01
2.77E+01

Chemicals organic, at plant [GLO]
1.08E-07
2.10E+00
1.08E-01
9.85E-03
3.67E-03
8.17E-08
3.24E-07
1.25E-03
9.64E+00
8.31E+00

6.3.2. Environmental Impacts of REE Solvent Extraction Process
Table 18 shows the results of the LCIA to handle 1 ton of rare earth chloride aqueous
solution from bastnasite/monazite and ion adsorption clays pathways at solvent extraction facilities
in China using TRACI. For all categories, environmental life cycle impacts of the solvent
extraction operation in the bastnasite/monazite pathway are about 35% to 65% of the
environmental life cycle impacts of the same process in ion adsorption clays route. Table 19
demonstrates the findings using ILCD impact assessment tool for fourteen environmental
categories. It is worth mentioning that the dissimilarity between bastnasite/monazite and ion
adsorption clays is about 35% to 60% for all different categories which is comparable to the
previous findings for TRACI. It should be noted that compared with the solvent extraction process
carried out at the Baotou facility which produces only 4 individual rare earth oxides, the solvent
extraction operation of rare earths at the Fujian Facility produces 10 individual rare earth oxides.
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A complete separation of rare earth ions requires more mixer-settler steps and therefore higher
materials and energy consumption at Fujian facility, leading the bigger environmental impacts.

Table 18. Life cycle impacts to process 1 ton of rare earth chloride aqueous solution from ion
adsorption clays and monazite/bastnasite pathways at solvent extraction facilities in China using
TRACI.
Impact Category
Global Warming
Acidification
Ecotoxicity
Eutrophication
Respiratory effects
Carcinogenics
Non-carcinogenics
Ozone depletion
Resources, Fossil fuel
depletion
Smog

Unit

Bastnasite/Monazite

Ion adsorption Clays

kg CO2 eq
kg SO2 eq
CTUe
kg N eq
kg PM2.5 eq
CTUh
CTUh
kg CFC 11 eq

6.20E+03
4.49E+01
2.94E+04
1.21E+01
4.38E+00
1.70E-04
1.29E-03
3.09E-03

1.22E+04
7.66E+01
6.84E+04
3.27E+01
9.17E+00
4.32E-04
3.06E-03
8.17E-03

MJ surplus

6.92E+03

1.11E+04

kg O3 eq

4.29E+02

7.08E+02

According to Chinese reports for solvent extraction facilities in Baotou and Southern China,
Figure 20 (a) and (b) give the contributions of each direct process emission and input
energy/material flow to the whole solvent extraction process in both bastnasite/monazite and ion
adsorption clays pathways, respectively. Considering all the input chemicals utilized in the solvent
extraction operation, ammonium bicarbonate, sodium hydroxide, hydrochloric acid, and sodium
carbonate dominate most of the environmental impact categories in bastnasite/monazite pathway.
Regarding the solvent extraction process in the ion adsorption clays route, sodium
hydroxide, oxalic acid, and hydrochloric acid have the highest contribution to most of the
environmental impact categories. For instance, sodium hydroxide (41%) and oxalic acid (36%)
followed by hydrochloric acid (10%) were found to have significant impacts on the respiratory
effects category. It can be explained by the fact that given the considerable amount of materials
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and energy inputs required to produce chemicals such as sodium hydroxide, hydrochloric acid, and
oxalic acid, their production pathways generate significant environmental emissions.

Table 19. Life cycle impacts to process 1 ton of rare earth chloride aqueous solution from ion
adsorption clays and monazite/bastnasite pathways at solvent extraction facilities in China using
ILCD.
Impact Category
Climate change
Acidification
Ecotoxicity
Freshwater eutrophication
Marine eutrophication
Terrestrial eutrophication
Human toxicity
(cancer effects)
Human toxicity
(non-cancer effects)
Ionizing radiation
Ozone depletion
Particulate matters
Photochemical ozone
formation
Water Resource
Resource depletion, mineral,
fossils and renewables

Unit
kg CO2 eq
Mole of H+ eq
CTUe
kg P eq
kg N eq
Mole of N eq

Bastnasite/Monazite
6.20E+03
5.51E+01
2.95E+04
1.28E+00
7.70E+00
6.92E+01

Ion adsorption Clays
1.22E+04
9.33E+01
6.88E+04
3.51E+00
1.57E+01
1.34E+02

CTUh

1.70E-04

4.32E-04

CTUh

1.29E-03

3.06E-03

kBq U235 eq
kg CFC 11 eq
kg PM2.5 eq

5.38E+02
3.04E-03
5.39E+00

1.29E+03
8.09E-03
1.13E+01

kg NMVOC

2.00E+01

3.56E+01

m³ eq

5.74E+03

1.64E+04

kg Sb eq

4.62E-01

1.22E+00

Compared with the inorganic chemicals consumption in the solvent extraction operation,
insignificant amount of organic chemicals such as P204, naphthenic acid, 2-Ethylhexanol, and
Alamine 336 were consumed in the process. Therefore, the environmental impacts of the
mentioned organic materials were almost negligible.
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Contribution

a

100%
80%
60%
40%
20%
0%

Hydrochloric Acid
Electricity
Natural Gas

Contribution

b

Sodium Carbonate
Direct emission
Others

Ammonium bicarbonate
Sodium Hydroxide

100%
80%
60%
40%
20%
0%

Hydrochloric Acid
Direct emission

Sodium Carbonate
Sodium Hydroxide

Oxalic acid
Natural Gas

Electricity
Others

Figure 20. Contributions of process emissions and energy/material flows at a solvent extraction
facility in (a) Bayan Obo (bastnasite/monazite), and (b) Fujian province (ion adsorption clays)
China using TRACI.
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As expected, direct airborne emission shows a high contribution to the global warming. This is
mainly due to the large amount of carbon dioxide released as the result of burning natural gas for
steam generation and process heating. In addition, acetic acid which was utilized as a surrogate
for oxalic acid in the LCA study shows substantial contribution to most environmental categories
in ion adsorption clays pathway. Thus, in order to lessen uncertainties in the model, it is
desirable to develop an LCI for oxalic acid.

6.3.3. Contribution of Solvent Extraction to the Overall REOs Production Pathway
The environmental impacts affiliated with the solvent extraction operation and production
of individual rare earth oxides in both Bayan Obo and Fujian facilities were compared in the
current study. Datasets published for upstream processes such as mining, beneficiation, and
cracking (leaching) by Sprecher et al. (2014) were utilized to analyze the contribution of
environmental burdens of the solvent extraction process to the whole bastnasite/monazite
processing route for individual REOs production. Since there were several inconsistencies
regarding the dataset reported by Sprecher et al., to present a new series of environmental impacts
by TRACI, the datasets on upstream processes were revised and then new LCIs were compiled.
Different environmental profiles with regard to various impact categories of one kg neodymium
oxide (NdO) produced from bastnasite/monazite route were compared in Table 20.
As shown in Table 20, the current investigation reports greater environmental impacts over
almost all categories compared with the results by Sprecher et al. (2014). For instance, the
contributions of solvent extraction operation in the current study to the whole process to produce
one kg NdO are almost 33% and 22% for carcinogenics and acidification, respectively. While, the
contributions of solvent extraction process in the Sprecher et al.’s results to the whole process are
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almost 6% for the carcinogenics and 14% for the acidification. It should be noted that to compile
the solvent extraction inventory, Sprecher et al., utilized the stoichiometric calculations as well as
the Ecoinvent inventory for NdO which is comprised of leaching and solvent extraction together.
As a consequence, a number of input materials and energy flows such as fuel and energy
consumption, ammonium bicarbonate, and hydrochloric acid were underestimated and/or ignored.
Therefore, lower environmental impacts for all categories are expected in Sprecher et al.’s study
in comparison with the current investigation.

Table 20. Comparison between total life cycle impacts for producing of 1 kg NdO in
bastnasite/monazite pathway (mining, beneficiation, leaching, and solvent extraction) and the sole
solvent extraction process using TRACI.

Impact category

Unit

Total life cycle impact of
producing 1 kg NdO (mining,
beneficiation, leaching, and
solvent extraction)
Current
Study

Global Warming

Sprecher et al.

Life cycle impact of the
sole solvent extraction
process to produce 1 kg
NdO
Current
Study

Solvent Extraction
contribution to the
whole process

Sprecher et
al.

Current
Study

Sprecher
et al.

kg CO2eq

1.05E+02

3.37E+02

3.54E+01

3.19E+01

33.83%

9.47%

Acidification

H+ moles eq

1.14E+00

9.61E+01

2.56E-01

1.36E+01

22.48%

14.13%

Carcinogenics

benzene eq

2.96E-06

9.02E-01

9.69E-07

5.28E-02

32.74%

5.86%

Non carcinogenics

toluene eq

2.23E-05

2.98E+03

7.35E-06

3.24E+02

32.91%

10.87%

Respiratory effects

kg PM2.5 eq

2.51E-01

5.22E-01

2.50E-02

5.25E-02

9.94%

10.06%

kg N eq

2.11E-01

2.44E+00

6.88E-02

3.43E-02

32.64%

1.41%

kg CFC-11 eq 2.51E-05

4.68E-05

1.76E-05

1.05E-05

70.22%

22.36%

Eutrophication
Ozone depletion
Ecotoxicity

kg 2,4-D eq

5.25E+02

3.67E+02

1.68E+02

4.04E+01

31.97%

11.03%

Smog

kg NOx eq

1.89E+01

6.81E-01

2.45E+00

6.58E-02

12.99%

9.67%

According to Vahidi et al. (2016), due to the presence of high heavy rare earth elements
content in the ion adsorption clays, rare earth oxides produced at Fujian facility have a significantly
different composition compared with the composition of rare earth oxides derived from
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bastnasite/monazite at Bayan Obo. Since heavy rare earth elements can deliver specific functions
in high-tech industries, they usually have higher market prices. Thus, comparing the environmental
burdens affiliated with NdO produced from different rare earth production pathways is interesting.

Table 21. Comparison between total life cycle impacts for producing of 1 kg NdO in ion adsorption
clays pathway (In-situ leaching and solvent extraction) and the sole solvent extraction process using
TRACI.

Impact category

Unit

Total life cycle impact
of producing 1 kg NdO
(in-situ leaching and
solvent extraction)
High
scenario

Low
scenario

kg CO2eq

2.36E+02

1.67E+02

Acidification

H+ moles eq

1.64E+00

Carcinogenics

benzene eq

Non carcinogenics
Respiratory effects

Life cycle impact of
the sole solvent
extraction process to
produce 1 kg NdO

Solvent Extraction
contribution to the
whole process
High
scenario

Low
scenario

7.28E+01

30.86%

43.45%

1.13E+00

4.56E-01

27.80%

40.49%

9.74E-06

6.96E-06

2.58E-06

26.45%

37.00%

toluene eq

8.08E-05

5.59E-05

1.82E-05

22.56%

32.63%

kg PM2.5 eq

1.89E-01

1.31E-01

5.46E-02

28.84%

41.67%

kg N eq

1.02E+01

1.20E+00

1.95E-01

1.90%

16.16%

kg CFC-11 eq

6.13E-05

5.73E-05

4.87E-05

79.46%

85.02%

Ecotoxicity

kg 2,4-D eq

2.02E+03

1.39E+03

4.08E+02

20.15%

29.39%

Smog

kg NOx eq

1.48E+01

1.04E+01

4.22E+00

28.48%

40.73%

Global Warming

Eutrophication
Ozone depletion

As discussed by Vahidi et al. (2016), it was assumed that there are two low and high
estimates in ion adsorption clays pathway. Low estimate as the best-case scenario describes an
ideal situation which supposes that wastewater is treated in the mining facility and the emission
standard of China Ministry of Environmental Protection is met by the effluent. High estimate as
the worst-case scenario assumes that due to lack of enforcement, there is no wastewater treatment
plant in the mining facility and therefore, ammonium ion as a waterborne emission is discharged
into the ecosystem. Table 21 compares the total life cycle impacts for producing of 1 kg NdO in
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ion adsorption clays pathway (in-situ leaching and solvent extraction) and the sole solvent
extraction process using TRACI.
In this investigation, to further explore environmental burdens of NdO, an allocation
procedure based on economic values for all rare earth oxide production was proposed. According
to varying chemical composition of different REE ores, allocation coefficients for a REO could
differ substantially from ore to ore. Given the fact that heavy rare earth elements have greater
concentrations in ion adsorption clays, the allocation coefficients for light rare earth elements in
ion adsorption clays incline to be much lower compared with those of monazite and bastnasite,
while for heavy rare earth elements the opposite was observed. Furthermore, while the treatment
of bastnasite and/or was is assessed, this approach seems reasonable since the REO content in both
monazite and bastnasite ores were quite similar.
According to Vahidi et al. (2016), the production process before the solvent extraction in
ion adsorption clays shows lower environmental impacts in comparison with those of
bastnasite/monazite route. Therefore, the contribution of the solvent extraction process to the
whole NdO production in ion adsorption clays route was significantly higher than the contribution
of the same process in bastnasite/monazite pathway. However, in-situ leaching of ion adsorption
clays before the solvent extraction operation, even following the best-case situation leads to a
considerably high eutrophication impact category and the solvent extraction process makes a
dramatically insignificant contribution to the whole NdO production process for eutrophication
category.
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6.4. Summary & Conclusion
In the past investigations, the LCA of the solvent extraction process of REEs had not
comprehensively been examined and results in this study remarkably develop our understanding
about different environmental burdens affiliated with the rare earth ions solvent extraction
operation. These findings enable REEs industry to devise new green and modern operations to
deal with the flourishing appeal for rare earth products and eventually environmental impact
evaluation of the REEs solvent extraction will be developed more adequately. Since almost all
REEs production facilities are currently in China, the different life cycle inventories
utilized/compiled in this investigation for the solvent extraction operation were based on Chinese
reports and literature. In comparison with the production of “Chemicals organic, at plant [GLO]”
which has been addressed in the literature, production of P204 has significant impacts on all
TRACI impact categories. However, the contribution from P204 seems to be minimal due to the
small amount consumed.
According to the results, to process 1 ton of rare earth chloride aqueous solution, the life
cycle burdens of the solvent extraction operation in bastnasite/monazite pathway are about 35% to
55% those of ion adsorption clays route for all categories. Furthermore, among all the chemicals
consumed, sodium hydroxide and hydrochloric acid demonstrate the significant contribution to
most of the environmental impact categories. Since the stripping of the rare earth ions contained
in the organic phase was examined with the use of hydrochloric acid solutions, there are ongoing
efforts either to reduce the amount of hydrochloric acid or to propose a new alternative for pH
adjustment in the stripping step.
In this investigation, to further explore environmental burdens of NdO, an allocation
procedure based on economic values for all rare earth oxide production pathways was proposed.
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Given the fact that heavy rare earth elements have greater concentrations in ion adsorption clays,
the allocation coefficients for light rare earth elements in ion adsorption clays incline to be much
lower compared with those of monazite and bastnasite, whilst for heavy rare earth elements the
opposite was observed. Therefore, the contribution of the solvent extraction process to the whole
NdO production in ion adsorption clays route was significantly higher than the contribution of the
same process in bastnasite/monazite pathway. Moreover, the current investigation reports greater
environmental impacts over almost all categories compared with the results by Sprecher et al.
(2014) to produce one kg neodymium oxide (NdO) from bastnasite/monazite route.
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CHAPTER 7. ELECTRO-REFINING PROCESS

(Under review) Vahidi, E., & Zhao, F. “Assessing the environmental footprint of the production
of rare earth metals and alloys via molten salt electrolysis”, Submitted to Resources, Conservation
and Recycling, April 2018.

7.1. System Boundary and Assumptions
The system boundary in this LCA investigation shown in Figure 21 defines which unit
processes have been considered. For the gate-to-gate environmental life cycle analysis of the rare
earth refining process in China, process data such as energy and materials consumption in addition
to waterborne and airborne emissions are translated into impacts on ecosystem and human health
(Suh et al., 2004; Li et al., 2014).

Figure 21. Simplified system boundary for the gate-to-gate environmental life cycle analysis of rare
earth refining process in China.
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According to Figure 21, upstream operations such as mining, beneficiation, chemical
treatment, and separation were excluded from the system boundary of the current study and the
operation starts with the individual rare earth oxides as the product of solvent extraction facilities.
In addition, the operation concludes individual rare earth alloys/metals as the products of the rare
earth electro-refining process and consequently, the downstream processes such as using rare earth
alloys and metals for manufacturing permanent magnet and LED phosphor were not considered in
the system boundary. In this research, to quantify the environmental burdens of the rare earth
refining operations, the functional unit was chosen as the production of one kilogram of rare earth
metals/alloys at an electro-refining facility in China.

7.2. Life Cycle Inventory Analysis
In the current investigation, materials and energy flows data for four different electrorefining facilities were gathered from various Chinese facility reports published in recent years
(see Appendix) and verified with Chinese literature (Shujing, 2009). Using SimaPro 8 software,
Chinese industrial datasets, and Ecoinvent v3.0 database, inventory analysis was implemented
while all inventories were utilized according to attributional modeling (ALCA) in place of
consequential modeling (CLCA). The main energy/material inputs and emissions together with
their life cycle impacts to produce one kg of rare earth metal/alloy at refining facilities in China
are shown in Tables S1-S40 in the Appendix. The REEs refining facilities investigated in this
research include: (1) Jiangxi Taihe, (2) Ganzhou Sanyou, (3) Fujian Changding Jinlong, and (4)
Ganzhou Chenguang.
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Figure 22. Rare earth metals/alloys production (tonnes per year) at Chinese facilities a) Jiangxi
Taihe, b) Ganzhou Sanyou, c) Fujian Changding, d) Ganzhou Chenguang.

According to Figure 22 and Tables S1-S40 in the Appendix, at Jiangxi Taihe refining
facility, praseodymium metal, praseodymium-neodymium alloy, gadolinium ferrous alloy, and
dysprosium ferrous alloy are produced while carbon dioxide, carbon monoxide, fluoride, and
particulates are generated as airborne and waterborne emissions. At Ganzhou Sanyou refining
facility, praseodymium and neodymium metals are produced where fluoride and particulates are
the major airborne and water borne emissions. In addition, neodymium-praseodymium alloy,
neodymium metal, lanthanum metal, and lanthanum-cerium alloy are manufactured at Fujian
Changding facility and fluoride, hydrogen fluoride and particulates are considered as waterborne
and airborne emissions from the facility. Finally, lanthanum metal, neodymium-praseodymium
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alloy, neodymium teal, terbium metal, dysprosium ferrous alloy, gadolinium ferrous alloy,
holmium ferrous alloy, samarium metal, and lanthanum-cerium alloy are produced at Ganzhou
Chenguang whereas fluoride and particulates are generated from the facility as airborne and water
borne emissions.
In this assessment, Chinese-specific life cycle datasets were utilized when feasible.
However, considering the limit inclusion of the Ecoinvent datasets for Chinese products/processes,
global averages {GLO} or European averages {RER} were utilized with modified energy mix
(heat, diesel, natural gas, and electricity) to model the production/process in China {CN}. Since
the rare earth refining processes are multi-products processes, economic allocation was also
applied for all four refining facilities and consequently, life cycle impacts associated with
producing one kg of each product at different facilities were presented in this investigation.
Data availability is the primary concern in handling life cycle analysis and for a number
of input materials in the rare earth refining process, finding relevant life cycle inventories is a
major challenge. Thus, based on the production routes and the facility production reports in China,
new inventories were developed in this research for a number of chemicals such as rare earth
fluorides (China Ruilin Engineering Technology, 2016). Consumption of auxiliary and raw
materials and energy for the production of 1 kg rare earth fluoride at Jiangxi Taihe New Materials
Limited facility in China are shown in Table S1. According to Figure 23, hydrogen fluoride, water,
rare earth oxide, and electricity are used to produce rare earth fluorides where hydrogen fluoride
is also generated as airborne emission in the production pathway. Using electric furnace, the dry
hydrogen fluoride gas passes into a sealed tube of nickel alloy and then reacts with rare earth oxide
at 550 ~ 650 ºC to obtain high purity rare earth fluoride.
RE2O3＋6HF＝2REF3＋3H2O

(16)
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In order to improve the reaction efficiency and reduce the loss of hydrogen fluoride, water
spray absorption system is utilized to produce 20% hydrofluoric acid solution from waste hydrogen
fluoride. Given the fact that the production report at Jiangxi Taihe refining facility only represents
production pathway for praseodymium fluoride, praseodymium-neodymium fluoride, gadolinium
fluoride, and dysprosium fluoride, developed inventories for these four rare earth fluoride
compounds were employed in LCA studies of refining processes to produce other rare earth
metals/alloys at different rare earth refining facilities (see Appendix).

Figure 23. Rare earth fluoride production (China Ruilin Engineering Technology Co., Ltd., 2016).

Furthermore, in the rare earth molten salt electrolysis operations in China, fossil fuels are
needed to produce heat and electricity. In this study, plant level electricity consumption data was
available which was allocated among different products based on their economic values. The
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current efficiency is 75-80% in the process and the rare earth recovery efficiency is estimated at
85-93%.

7.3. LCA Results and Discussion
7.3.1. Environmental Impacts of Rare Earth Fluoride Production
In this study, new inventories were developed for the rare earth fluorides according to their
production pathways at Jiangxi Taihe New Materials Limited facility in China (China Ruilin
Engineering Technology, 2016). In addition, a comparative LCA study of various rare earth
fluorides such as PrF3, GdF3, (Nd-Pr)F3, and DyF3 was conducted in the current investigation and
as the results, the environmental life cycle impacts to produce one kg of different rare earth
fluorides from ion adsorption clays deposits in China using TRACI were shown in Table 22. As
displayed in Table 22, the production of dysprosium fluoride has the greatest environmental
impacts on all TRACI categories compared to the production of other rare earth fluoride
compounds. Additionally, gadolinium fluoride production process demonstrates the lowest
environmental impacts on all categories.

Table 22. Life cycle impacts to produce 1 kg of different rare earth fluorides from ion adsorption
clays deposits at Jiangxi Taihe New Materials Limited facility in China using TRACI.

kg CO2 eq

Pr
Fluoride
8.05E+01

Nd-Pr
Fluoride
5.44E+01

Gd
Fluoride
3.06E+01

Dy
Fluoride
2.58E+02

Acidification
Ecotoxicity
Eutrophication
Human Health Particulate
Carcinogenics
Non carcinogenics

kg SO2 eq
CTUe
kg N eq
kg PM2.5 eq
CTUh
CTUh

8.71E+00
4.25E+02
3.59E+00
9.82E-02
3.69E-06
2.87E-05

5.85E+00
2.90E+02
2.41E+00
6.67E-02
2.50E-06
1.96E-05

3.25E+00
1.67E+02
1.34E+00
3.80E-02
1.42E-06
1.13E-05

2.82E+01
1.34E+03
1.16E+01
3.13E-01
1.17E-05
9.10E-05

Ozone Depletion

kg CFC11 eq

1.32E-05

8.97E-06

5.06E-06

4.23E-05

MJ surplus
kg O3 eq

9.76E+01
5.64E+00

6.63E+01
3.83E+00

3.77E+01
2.17E+00

3.11E+02
1.80E+01

Impact Category

Unit

Global Warming

Resources, Fossil fuels
Smog
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It is expected that the electricity consumption is the main contributor in the environmental
footprint of the rare earth fluoride production pathway and based on Table S1 in the Appendix,
electricity consumption for dysprosium fluoride production is almost eight times higher than
electricity consumption in the production of gadolinium fluoride. It is worthwhile to mention that
dysprosium and gadolinium are considered the most valuable and the least expensive rare earth
metals among the others at Jiangxi Taihe facility respectively. So, by conducting economic-based
allocation, the dysprosium fluoride production process shows higher environmental impacts
compared to the production processes for other fluoride compounds.

7.3.2. Environmental Impacts of Electro-Refining Process
As shown in Figure 21, the environmental burdens associated with the electro-refining
process of rare earth metals/alloys were explored in the current study while the rare earth oxides
production in upstream facilities such as solvent extraction, leaching, beneficiation, and mining
were excluded from the scope of the investigation. Based on Table 23, the results of the gate-togate life cycle inventory analysis to produce one kg neodymium metal at different electro-refining
facilities using bastnasite/monazite minerals at Bayan Obo and ion adsorption clays deposits in
southern China were compared. Due to the production mix at each refining facility demonstrated
in Figure 22, economic-based allocation which affects environmental footprint of each product
was conducted and according to the results, environmental life cycle burdens of the electrorefining operation at Ganzhou Chenguang facility were about 55%-60% of the environmental life
cycle burdens of the similar operation at Fujian Changding facility for all categories in TRACI.
Given the economic-based allocation utilized in this study, the lowest environmental life
cycle impacts for the production of one kg neodymium were observed at facilities which produce
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heavier rare earth metals with higher economic values. Therefore, due to the production of heavy
and expensive rare earth metals such as dysprosium, terbium, and holmium at Ganzhou Chenguang
electro-refining facility, neodymium metal production leads the smaller environmental impacts
compared to the same operation at Ganzhou Sanyou and Fujian Changding facilities. It should be
noted that as lanthanum and cerium produced at Fujian Changding refining facility are the cheapest
rare earth metals, most environmental impacts were allocated to neodymium metal production at
the mentioned facility. For all environmental categories in TRACI, neodymium metal production
at Fujian Changding shows higher impacts compared to the same operation at Ganzhou Sanyou
where only neodymium and praseodymium metals are manufactured.

Table 23. Environmental profiles of 1 kg Neodymium metal produced at different refining facilities
from Bayan Obo deposits in China using TRACI.
Impact category

Unit

Ganzhou
Sanyou

Fujian
Changding

Ganzhou
Chenguang

Sprecher et
al. (2014)

Lee & Wen
(2017)

Global Warming

kg CO2 eq

1.56E+01

1.87E+01

1.07E+01

1.01E+01

1.85E+01

Acidification

kg SO2 eq

1.42E-01

1.72E-01

9.71E-02

5.27E-02

1.17E-01

Carcinogenics

CTUh

4.87E-07

8.17E-07

4.82E-07

1.86E-07

7.43E-07

Non carcinogenics

CTUh

3.86E-06

1.12E-05

6.27E-06

8.13E-07

3.74E-06

Respiratory effects

kg PM2.5 eq

4.23E-02

4.93E-02

2.88E-02

8.02E-03

1.80E-02

kg N eq

2.97E-02

6.56E-02

3.70E-02

1.16E-02

3.61E-02

kg CFC-11 eq

1.04E-06

1.20E-06

7.36E-07

1.80E-07

1.59E-06

CTUe

5.99E+01

1.94E+02

1.08E+02

2.61E+01

9.65E+01

kg O3 eq

1.55E+00

1.87E+00

1.08E+00

6.16E-01

1.34E+00

MJ surplus

9.72E+00

1.13E+01

6.83E+00

2.10E+00

1.39E+01

Eutrophication
Ozone depletion
Ecotoxicity
Smog
Fossil fuel

To better evaluate the environmental impacts of REEs production in this investigation,
previous LCA studies on the neodymium metal production were also taken into account and the
environmental impacts of all facilities were compared. The functional units determined in all LCA
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investigations indexed in Table 23 are the same as 1 kg neodymium metal production. To compare
the results, a life cycle inventory for the neodymium metal production at a refining facility was
recreated based on the dataset published in Sprecher et al. (2014) study and a new set of
environmental impacts were calculated using TRACI method. As assumed in the Sprecher’s study,
the life cycle impact assessment for the rare earth refining process was developed based on the
Hall-Héroult process in aluminum production.
According to Table 23, for all environmental categories in TRACI, the life cycle impacts
of the neodymium metal production in the Sprecher’s study are almost three to five times less than
those of the neodymium metal production at Fujian Changding facility in most categories. Based
on Table S17 (see Appendix), 41.5 MJ electricity is required to produce one kg neodymium metal
while based on Sprecher et al., almost 31 MJ electricity is consumed to produce one kg neodymium
metal. It is expected that environmental footprints of the neodymium fluoride production are
higher compared to that of the aluminum fluoride production assumed in Sprecher et al. study.
Considering the significant contribution of electricity and neodymium fluoride production in the
rare earth refining operation, it was observed that environmental impacts associated with the REEs
refining process were underestimated in Sprecher et al. investigation and it seems that conducting
life cycle impact assessment of the rare earth electro-refining process based on Hall-Héroult
process in aluminum production cannot be an accurate approach to evaluate the environmental
performance of the REEs electro-refining operation.
Additionally, the results of Lee and Wen (2017) study which calculated the environmental
life cycle impacts of the neodymium metal production at a molten salt electrolysis facility in China
were considered in this investigation. As shown in Table 23, compared to Fujian Changding
facility results presented in this study, neodymium metal produced at Chinese facilities in Lee and
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Wen (2017) study has similar impacts regarding several environmental categories. Moreover, with
respect to the environmental impacts at Ganzhou Chenguang facility which produces heavier rare
earth metals, Lee and Wen (2017) report slightly higher impacts over most categories.
Tables S1 through S40 in the Appendix show life cycle inventory dataset as well as
respective life cycle environmental impacts to produce 1 kg of rare earth metal/alloy from both ion
adsorption clays deposits in southern China and bastnasite/monazite minerals in Bayan Obo at
different refining facilities in China. It is assumed that since Bayan Obo deposits do not yield
commercially usable quantity of heavy rare earths such as dysprosium, holmium and terbium, the
required rare earth fluorides and rare earth oxides for dysprosium metal production at Jiangxi Taihe,
together with terbium metal, dysprosium ferrous alloy, and holmium ferrous alloy production at
Ganzhou Chenguang facilities are only supplied from ion-adsorption clays deposits.
In Table 24, the gate-to-gate environmental life cycle impacts of one kg neodymiumpraseodymium alloy produced at different electro-refining facilities from bastnasite/monazite and
ion adsorption clays deposits were characterized using TRACI method. Out of all the inputs, only
praseodymium-neodymium fluoride ((Pr-Nd)F3) can be sourced from both ion-adsorption clays
and Bayan Obo deposits. As shown in the table, production of one kg praseodymium-neodymium
alloy in the refining process from ion adsorption clays deposits leads to significantly lower
environmental burdens on all TRACI impact categories except carcinogenics which confirms past
findings (Vahidi & Zhao, 2017) regarding the higher impact of rare earth oxides production from
ion adsorption clays deposits at solvent extraction facilities. It should be noted that environmental
impacts in non-carcinogenics and ecotoxicity categories are almost equal for both production
pathways at all three refining facilities. Similar to the production of neodymium metal, Ganzhou
Chenguang facility shows better environmental performance for all categories. At Jiangxi Taihe
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refining facility, due to the lower economic value of neodymium-praseodymium alloy compared
to praseodymium metal and dysprosium ferrous alloy, the production of neodymiumpraseodymium alloy leads to lower environmental burdens in comparison with the same process
at Fujian Changding facility.

Table 24. Environmental profiles of 1 kg Praseodymium-Neodymium alloy produced at different
refining facilities in China from ion adsorption clays and monazite/bastnasite using TRACI.
Jiangxi Taihe
Impact category
Global Warming
Acidification
Carcinogenics
Non carcinogenics
Respiratory effects
Eutrophication
Ozone depletion
Ecotoxicity
Smog
Fossil fuel

Bastnasite
Unit
&
Monazite
kg CO2 eq
1.51E+01
kg SO2 eq
1.50E+01
CTUh
1.33E-01
CTUh
5.64E+01
kg PM2.5 eq 2.85E-02
kg N eq
4.74E-02
kg CFC-11 eq 5.30E-07
CTUe
3.66E-06
kg O3 eq
1.37E-06
MJ surplus 1.22E+01

Fujian Changding

Ganzhou Chenguang

Ion
Bastnasite
Ion
Bastnasite
Adsorption
&
Adsorption
&
Clays
Monazite
Clays
Monazite
1.32E+01 2.20E+01 2.02E+01 1.26E+01
1.28E+01 2.19E+01 1.97E+01 1.26E+01
5.46E-01
2.01E-01
6.14E-01 1.14E-01
6.25E+01 2.26E+02 2.32E+02 1.26E+02
2.10E-01
7.67E-02
2.59E-01 4.31E-02
1.86E-02
5.82E-02
2.94E-02 3.42E-02
4.04E-07
9.59E-07
8.33E-07 5.67E-07
4.02E-06
1.31E-05
1.34E-05 7.30E-06
8.06E-07
1.42E-06
8.56E-07 8.85E-07
6.73E+00 1.34E+01 7.87E+00 8.19E+00

Ion
Adsorption
Clays
1.15E+01
1.12E+01
3.72E-01
1.30E+02
1.57E-01
1.62E-02
4.89E-07
7.52E-06
5.30E-07
4.74E+00

Considering the results on different rare earth metal electro-refining facilities in China, it
can be concluded that to produce praseodymium and neodymium as the most important rare earth
metals applied in advanced energy technologies such as permanent magnet manufacturing and
hybrid cars, facilities such as Ganzhou Chenguang which produce heavy rare earth metals as byproducts of neodymium and praseodymium metals show superior environmental performance. On
the other hand, it is expected that refining facilities like Ganzhou Sanyou and Fujian Changding
which have been designed to produce neodymium and praseodymium and other light rare earth
metals with low economic values demonstrate higher environmental burdens for the neodymium
metal production. The normalized life cycle inventory analysis results to produce one kg
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neodymium metal at Ganzhou Sanyou refining facility were also used to determine and compare
the principal environmental impact categories among different TRACI categories. As shown in
Figure 24, ecotoxicity, carcinogenics, non-carcinogenics, and eutrophication illustrate a
considerable contribution to overall environmental impacts. Moreover, since the burdens of other
categories such as acidification, respiratory effects, smog, and global warming play a relatively

Normalization

small role in the assessment, their impacts were assumed to be trivial.

10
8
6
4
2
0

Figure 24. Life cycle assessment normalized midpoint scores to produce one kg neodymium metal
at Ganzhou Sanyou facility.

7.3.3. Primary Contributors
For better understanding the processes and materials that influence the environmental
impact categories, the main inputs (materials/energy) that contribute to each impact category are
demonstrated in Figure 25. Given all the input chemicals and energy employed in the electrorefining process, neodymium fluoride and electricity contributed significantly to most TRACI
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impact categories except ecotoxicity and non-carcinogenics where molybdenum used in cathodes
is the dominant contributor in the refining process. In addition, molybdenum shows significant
impacts on carcinogenics and eutrophication categories. It is worthwhile to mention that since the
substantial amount of energy and materials are needed to produce neodymium fluoride, electricity,
and molybdenum consumed in the refining operation, the production routes for these three inputs

Contribution

generate considerable environmental emissions.

100%
80%
60%
40%
20%
0%

Electricity

Neodymium Fluoride

Molybdenum

Lithium Fluoride

Figure 25. Contributions of dominant input materials/processes to TRACI categories in
neodymium refining by molten salt electrolysis at Ganzhou Sanyou facility in China.

Since the Chinese electricity production is still largely dependent on coal and considering
the high level of electricity consumption in the REEs electro-refining operation, this process
contributes substantially to the global warming and smog environmental impact categories. In
addition, direct emissions emitted during the refining process showed negligible impacts on
different environmental categories. As observed in Figure 25, in comparison with major
contributors like neodymium fluoride, molybdenum, and electricity to all environmental categories
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in the electro-refining process, other input materials such as steel, refractory, and graphite display
negligible burdens on all TRACI impact categories.

7.3.4. Sensitivity Analysis
In order to address uncertainty and investigate the variability of life cycle inventory
analysis results to produce one kg neodymium metal, sensitivity analysis was carried out on main
contributors with respect to key parameters. A change in sensitive parameters such as electricity
consumption or neodymium fluoride, can considerably affect the result and can contribute to the
variance of environmental burden as the output of the current life cycle analysis study. As shown
in tornado plots in Figure 26 which present the results of sensitivity analysis as an essential part of
the final interpretation, if the gate to gate neodymium fluoride consumption is increased by 10%,
the carcinogenics impact category of the neodymium metal production increases by 4.92%.
Similarly, the ecotoxicity impact category increases by 6.14% if the molybdenum consumption is
increased by 10%.
Moreover, any modification in molybdenum and electricity consumption by 10% changes
the non-carcinogenics and eutrophication categories by 5.13% and 4.05%, respectively. According
to the results, increasing the efficiency for neodymium fluoride production, reducing electricity
consumption, and decreasing molybdenum utilization in cathodes are the best strategies to
decrease the overall environmental burdens in the REEs electro-refining process. To understand
the robustness of our results against changes in key parameters for production of one kg
neodymium metal at Fujian Changding and Ganzhou Chenguang facilities, Tables S42 and S43
were presented in the Appendix.
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Figure 26. Sensitivity analysis on main contributors to produce one kg neodymium metal at
Ganzhou Sanyou facility a) Ecotoxicity, b) Carcinogenics, c) Non-Carcinogenics, d) Eutrophication.

7.3.5. Contribution of Refining Operation to the Overall Rare Earth Metal/Alloy
Manufacturing
In this investigation, datasets developed for upstream operations in rare earth production
such as mining, beneficiation, chemical treatment, and separation by Vahidi et al. (2016), Vahidi
and Zhao (2017), and Arshi et al. (2018) were employed to evaluate the contribution of
environmental impacts of the electro-refining process to the integral production pathway.
Therefore, the percentage contributions of different process stages for 1 kg Nd metal production
at Ganzhou Sanyou refining facility from Bayan Obo deposits were illustrated in Figure 27. While
mining, chemical treatment, and solvent extraction stages are the dominant contributors to the
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whole neodymium metal production process for most categories, the contribution chart of
neodymium metal production shows insignificant contributions of the refining process in most
environmental impact categories particularly in ozone depletion and resources, fossil fuels.
However, based on the economically allocated results, the electro-refining operation at Fujian
Changding facility demonstrates relatively higher contributions to all impact categories (see Figure
S6 in the Appendix) compared to those of the electro-refining process at Ganzhou Sanyou facility.
As observed in Figure S6, the refining process at Fujian Changding shows substantial impacts on
ecotoxicity and human toxicity (non-cancer).

Smog [kg O3-Eq.]
Resources, Fossil fuels [MJ surplus energy]
Ozone Depletion [kg CFC 11-Eq.]
Human toxicity, non-canc. [CTUh]
Human toxicity, cancer [CTUh]
Human Health Particulate [kg PM2,5-Eq.]
Global Warming [kg CO2-Eq.]
Eutrophication [kg N-Eq.]
Ecotoxicity [CTUe]
Acidification [kg SO2-Eq.]
0%

20%

40%

60%

80%

100%

Contribution
Mining

Beneficiation

Chemical Treatment

Solvent Extraction

Refining

Figure 27. Percentage contribution of process stages for 1 kg Nd metal production at
Ganzhou Sanyou refining facility from Bayan Obo deposits.

According to Figure 27, given the use of diesel powered equipment and open pit mining
operation in Bayan Obo, the mining stage accounts for 78% of the particulate emissions and 66%
of the smog air environmental impact categories. Furthermore, due to the use of chromium steel
balls utilized for crushing the ores which has high environmental burdens, the beneficiation stage
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contributes the most (almost %45) to human toxicity (cancer) impact category. Additionally,
considering the use of several chemical compounds such as organic and inorganic acids in
chemical treatment and solvent extraction operations, these processes contribute substantially
(around 20%-40%) to the most environmental impact categories.

7.4. Summary & Conclusion
This investigation assessed the environmental performance and potential improvements in
the rare earth electro-refining process at four different facilities in China by using a process-based
LCA approach. In the previous studies, the life cycle assessment of the electro-refining process to
produce rare earth alloys/metals has not thoroughly been explored and the findings in this research
significantly improve our knowledge about various environmental impacts associated with the
electro-refining operation to produce rare earth metals/alloys. In the current study, energy and
materials utilization data were obtained from four different rare earth refining facilities in China
and to compose unique life cycle inventories which are compatible with Chinese electro-refining
operations, the manufacturing and production of different chemicals and materials were simulated.
According to the results of the comparative LCA study on the production of various rare
earth fluorides, dysprosium fluoride production has the greatest environmental impacts on all
TRACI categories compared to the production of other rare earth fluoride compounds.
Additionally, the production of gadolinium fluoride displays the lowest environmental impacts on
all categories. Given the results of the gate-to-gate life cycle inventory analysis to produce one kg
neodymium metal at different electro-refining facilities, life cycle burdens of the electro-refining
operation at Ganzhou Chenguang facility are about 55%-60% of the life cycle burdens of the
similar operation at Fujian Changding facility for all categories in TRACI. According to
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economically allocated outcomes and as a result of the production of heavy and expensive rare
earth metals such as dysprosium, terbium, and holmium at Ganzhou Chenguang facility,
neodymium metal production leads the smaller environmental impacts at Ganzhou Chenguang
compared to the same operation at Ganzhou Sanyou and Fujian Changding facilities.
The normalized life cycle inventory analysis results showed that electro-refining operation
has significantly higher impacts on ecotoxicity, carcinogenics, non-carcinogenics, and
eutrophication TRACI categories. Moreover, neodymium fluoride production, electricity
consumption, and molybdenum utilization in cathodes are the dominant contributors in the electrorefining process. As the results demonstrate, mining, chemical treatment, and solvent extraction
stages are the dominant contributors to the whole neodymium metal production process for most
impact categories while, insignificant contributions of the electro-refining operation are observed
in most environmental categories. However, the electro-refining process at Fujian Changding
facility shows relatively higher contributions to all TRACI impact categories compared to those
of the same refining process at Ganzhou Sanyou.
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CHAPTER 8. COMPLEXITY ANALYSIS OF LIFE CYCLE NETWORKS

(In preparation) Vahidi, E., Singh, S., & Zhao, F. “An investigation on the complexity of life cycle
inventories for the rare earth production using network analysis”, Resources, Conservation and
Recycling, Special Issue on "Advances in the Circular Economy".

8.1. Network Metrics
The network analysis approach was utilized in the current work to study life cycle networks
using facility-level energy/material data. Therefore, valuable information from LCA networks was
extracted to explore the utility of network analysis approach. This investigation has been
established on unique Chinese facility reports to assess the environmental footprint of different
rare earth production pathways in China which are critical to the clean energy industry. Thus,
detailed material and energy flow data for each process step were compiled to evaluate different
production steps which provided the life cycle network data. Since the Ecoinvent inventories can
capture the direct and indirect consumption of resources in the economy for a given final demand
from a sector, these inventories can be utilized to develop resource life-cycle networks for different
products. Hence, the carbon dioxide emission networks for the rare earth elements production
pathways were obtained from the Ecoinvent database to weight our LCI network data and then the
network analysis results were compared with the unweighted results. In this study, network metrics
of indegree and outdegree strength, closeness centrality, betweenness centrality, and eccentricity
were used to study the resilience and sustainability of rare earth elements production networks.
The results of this research greatly improve our ability to identify the most environmentally
impactful materials and energy flows within REEs’ production network and help us develop new
sustainable products or processes to meet the expanding demand for rare earth elements while
improving their environmental performance more effectively.
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Several investigations have explored connections between sustainability assessment and
network analysis. Therefore, systematic studies and use of network metrics with efficient
explanations and direct link to examine resilience, vulnerability, disruption, and robustness of a
system or product is necessary. The information about links between different nodes, weights of
links, and network structure can provide valuable insights from available datasets of life cycle
inventories for the REE production process. So, a number of network metrics have been
investigated and employed in this research to analyze the carbon dioxide emissions embedded in
the REEs production process derived from life cycle inventories. Weighted and unweighted indegree and out-degree centrality, betweenness centrality, closeness centrality, and eccentricity are
among the network metrics which were employed in this study. All of the mentioned network
metrics developed by Freeman (1978) are considered as essential concepts in graph theory and
their mathematical explanations can be found in previous literature (Newman, 2010; Van Steen,
2010).

8.1.1. Weighted Indegree Centrality
The in-degree of connectivity indicates the number of incoming connections from other
nodes of a network to a particular node. Similarly, the weighted in-degree strength is the sum of
all the weights of incoming flows to a node from all other nodes in the network. Regarding the
physical resource flows such as carbon dioxide emission, this metric provides insight about node
dependency on other nodes for embodied resource inflows to a node. Therefore, nodes with higher
weighted indegree centrality which called collectors show greater dependence on other nodes and
can be considered as the driver of the supply chain. In addition, networks are vulnerable to the
elimination of these nodes during natural disasters or targeted attacks.
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8.1.2. Weighted Outdegree Centrality
This network metric indicates the number of outgoing links from one node to other nodes
of a network. Weighted outdegree centrality which specifies sum of all weights from one node to
other nodes provides knowledge about the role of a node in resource penetration in the network
through various pathways. Networks demonstrate greater reliance on nodes with higher weighted
outdegree centrality which called distributor. Therefore, those nodes are represented as critical
nodes for resource propagation.
In general, weighted degree centrality of a node (outdegree and indegree centrality), also
recognized as Freeman’s Degree, serves as the number of links and sum of all their weights
pointing out or in of the corresponding vertex (Koschützki et al., 2005). Furthermore, this is one
of the methods to identify the most important node in the system’s vulnerability and in the network.
In addition to weighted degree centrality, if non-weighted degree is considered, it can define the
downstream and upstream diversity. So, a larger downstream or upstream diversity indicates less
vulnerability against sudden changes such as natural disasters. Furthermore, high diversity may
also be interpreted to a higher complexity in controlling outcoming or incoming material or energy
flows. In the framework of scale-free networks, a node can be recognized as a hub if it has many
connections to other nodes (a high degree centrality). Since hubs are highly interconnected in a
network, any attack to random nodes of the network almost shows negligible impact. Although, a
targeted attack to a specific hub would have very critical outcome and may lead to network
disruption.
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8.1.3. Betweenness Centrality
The number of shortest pathways from all nodes in a network to all others that pass via a
particular node is assessed by betweenness centrality. Therefore, this network metric highlights
that some nodes in the network are considered as intermediates which link nodes to others. In other
words, to assist the progress of intersectoral transactions, some nodes or sectors as intermediates
perform more essential role than others. Higher betweenness centrality score for a node signifies
that these nodes can be taken into account as bottlenecks in the network. Thus, if such nodes are
eliminated from a network, operational hiccups caused by these nodes are observed. As the result,
the materials flow will be disturbed and eventually, the whole supply chain will be disrupted
(Koschützki et al., 2005).

8.1.4. Closeness Centrality
The average length from a given starting node in the network to all other nodes is quantified
by closeness centrality. In other words, this network metric quantifies the supply chain length
through the measurement of the average number of transformation stages mandatory to access any
single node in the network. Therefore, a node demonstrates the lowest closeness centrality when
the total lengths from the node to other nodes in the network is longer than any other nodes and as
a result, the possibility of supply interruption will be increased.

8.1.5. Eccentricity
The maximum number of transformation stages mandatory to access a certain sector node
in the network is defined by eccentricity. In other word, eccentricity is described as the shortest
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pathway length from the farthest other node in the network. Therefore, a higher eccentricity
number will lead to increasing the possibility of supply chain interruption in the network.

8.2. Construction of the Carbon Dioxide Emission Network Based on LCIs
Investigating the complexity of LCI networks is crucial for decision making, considering
that LCI explanations are more and more thorough and thus, recognizing the ultimate performance
of each node/system is often complex. So, life cycle inventory data were converted into graphs in
this study by creating adjacency matrices which represent un-weighted and undirected graphs. For
a network with ‘x’ number of nodes, an adjacency matrix is a ‘x × x’ matrix whose (n, m) entry is
0 if the nth and mth nodes are not linked to each other, and 1 if they are. Therefore, by considering
direction and magnitude of the flow between nth and mth nodes, the mentioned matrix was
converted to a directed and weighted graph. As the results, a complex weighted–directed network
was constructed by considering the input materials, energy and infrastructure as nodes and the
carbon dioxide emission transactions between them as links.
Since the network topology defines the level of network vulnerability against an attack, the
degree distribution of networks is critical regarding the supply chain risk (Albert et al., 2000). As
the possibility of removing a small (less interconnected) node is large in scale-free networks, these
networks have been recognized to be comparatively robust against random attacks or accidental
failures and the overall network topology will not significantly change. However, scale-free
networks are more susceptible to coordinated attacks which can target well interconnected hubs in
the network (Albert et al., 2000; Barabási & Bonabeau, 2003).
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8.3. Network Analysis Results and Discussion
8.3.1. Indegree Strength and Outdegree Strength
As discussed earlier, the outdegree and indegrees strength of emission/resource flows
provide further information at each pathway about the critical nodes (inputs). One can see that
when we look at direct distribution of resources, the in-degrees tell the nodes that have the highest
dependence on carbon dioxide emission, whereas the out-degrees demonstrate how the carbon
dioxide emission get distributed in the network. Therefore, the most vulnerable node due to a
resource interruption was identified. Figures 28 through 31 show the weighted indegrees and
outdegrees of carbon dioxide emission embedded in different REEs production subnetworks.
According to Figure 28, the weighted outdegrees show how the carbon dioxide emission gets
distributed in the mining and beneficiation network, whereas the weighted indegrees demonstrate
the nodes with the highest dependence on incoming carbon dioxide emission.
Considering the weighted indegree graph, “REO 50%” is the one with the highest indegree
in the mining and beneficiation network however, other sectors show a negligible dependence on
“REO 50%” in CO2 propagation in the network. Due to the significant energy demand to produce
“Chromium steel balls” and “Fatty Acids”, these nodes also display considerable dependence on
incoming CO2 emission.
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Figure 28. Weighted Indegrees & Outdegrees of carbon dioxide emission embedded in REEs
mining and beneficiation subnetwork.
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On the other hand and from the resilience perspective, “Diesel”, “Electricity”, and “Hard
Coal” as critical nodes with higher weighted outdegree centrality control the flow of embedded
carbon dioxide emission in the network and such information often gets lost in the investigation
of emissions and resource consumption. In addition, “Blasting”, “Chromium Steel Balls”, Fatty
Acids”, and “Ferronickel” are other critical nodes which show significant control over the carbon
dioxide emission distribution in the network.
A similar evaluation of carbon dioxide emission network in roasting and chemical leaching
process shows that “RECl3" as the product of REEs roasting and leaching process as well as
“Diesel”, “Sulfuric Acid”, and “Hydrochloric Acid” are considered as critical nodes (sectors) for
weighted indegrees (Figure 29) of CO2 emission. Furthermore, nodes such as “Diesel”,
“Transportation”, “Electricity”, and “Sulfuric acid” with high weighted outdegrees indicate that
embedded carbon dioxide emission dependency propagates in the roasting and leaching network
through these nodes.
Similarly, weighted outdegree and indegree evaluations of carbon dioxide emission in
solvent extraction process reveal deferent critical nodes at various levels, however this information
is hidden in life cycle assessment studies. Based on Figure 30 which shows weighted indegrees
and outdegrees of carbon dioxide emission embedded in REEs solvent extraction subnetwork,
“Individual REOs” as the product of the solvent extraction process as well as “Carbon Dioxide”
emitted in the solvent extraction process, “Soda Ash”, and “Sodium Hydroxide” utilized in the
separation process exhibit greater dependence on incoming carbon dioxide admission flows.
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Figure 29. Weighted Indegrees & Outdegrees of carbon dioxide emission embedded in REEs
roasting and leaching subnetwork.
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Figure 30. Weighted Indegrees & Outdegrees of carbon dioxide emission embedded in REEs
solvent extraction subnetwork.
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Given the generation of carbon dioxide during the solvent extraction process, a similar
analysis of carbon dioxide emission network shows high outdegree strength for “Individual REOs”
and therefore it signifies that this node plays an important role in propagation of embedded carbon
dioxide dependency in the REEs solvent extraction network. Furthermore, considering the
weighted outdegrees, in addition to “Individual REOs”, there are a number of critical nodes such
as “Diesel”, “Natural Gas”, “Electricity”, “Sodium Hydroxide”, “Soda Ash”, and “Carbon
Tetrachloride” which control the flow of embedded carbon dioxide emission in the solvent
extraction network.
Figure 31 displays the outdegree and indegree strength of carbon dioxide emission
embedded in REEs electro-refining network. According to the figure and considering the
distribution of carbon dioxide in the electro-refining network, “Electricity” node has the highest
outdegree which makes this node an important player in propagating the carbon dioxide emission
dependency in the electro-refining network. From the resilience outlook, the “Electricity” in
addition to “Neodymium Fluoride”, “Lithium Fluoride”, and “Refractory” as critical nodes control
the flow of embedded carbon dioxide in the electro-refining network. Moreover, it was
demonstrated in Figure 31 that “Neodymium Metal” as the product of the electro-refining process
as well as “Neodymium Fluoride”, “Refractory”, and “Lithium Fluoride” are critical nodes for
indegree strength of CO2 emission network in electro-refining process. Therefore, it is expected
that disruption in carbon dioxide emission will have the highest impact on these nodes.
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Figure 31. Weighted Indegrees & Outdegrees of carbon dioxide emission embedded in REEs
electro-refining subnetwork.
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8.3.2. Collector Nodes
In the current investigation, indegree strength highlights “Collector” nodes which point out
to supply chain drivers that combine or transform flows into value added services or products.
Nodes with high weighted indegrees considered as collector nodes are more dependent on inputs
than other nodes in the network. As shown in figure 32, carbon dioxide enters the rare earth
elements production network in the form of embedded emission in input materials, processes, or
infrastructure utilized in the process. Moreover, each production step can generate carbon dioxide
and contribute to the flow of emission in the REEs network.

Upstream Complexity (Indegree)
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2.00E+01

Neodymium Oxide
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REO 50%
1.00E+01

Hydrochloric Acid
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RECl3
5.00E+00

Soda Ash
Carbon Dioxide

0.00E+00
0.00E+00

1.00E+01

2.00E+01

3.00E+01

4.00E+01

5.00E+01

Weighted Indegree
Figure 32. Collector nodes receive carbon dioxide inputs in the REEs production process network
as indicated by their weighted indegree strength.
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In the whole REEs production process, nodes highly reliant on carbon dioxide involve the
“Soda Ash”, “RECl3”, “REO 50%”, “Hydrochloric Acid”, “Sodium Hydroxide”, Neodymium
oxide”, and “Neodymium Metal” (x-axis in the Figure 32). Since the number of inputs needed for
unit of sector output is defined as upstream complexity, non-weighted indegree strength was also
taken into account in this study (y-axis in the Figure 32). Based on the figure, given that “Sodium
Hydroxide”, Neodymium Oxide”, “REO 50%”, and “Hydrochloric Acid” rely on a larger number
of input materials, processes, and infrastructure to function, these nodes seem to be more
susceptible to potential supply disruption compared with other nodes in the REEs production
network.

8.3.3. Distributor Nodes
Supply chain players which allocate products and materials over various downstream nodes
are indicated by outdegree strength. Therefore, the whole network shows greater dependence on
these critical nodes called distributors. Figure 33 shows distributor nodes spread carbon dioxide
into the whole REEs production process as indicated by their weighted outdegree strength. Carbon
dioxide spreads into the rare earth elements production network via “Diesel”, “Electricity”,
“RECl3”, “Neodymium Oxide”, “Sodium Hydroxide”, “Natural Gas”, “Soda Ash”, and
“Neodymium Fluoride”. Furthermore, considering non-weighted outdegree strength, “Electricity”,
“Diesel”, and “Chemical Factory” demonstrate the highest downstream complexity as shown in
Figure 33 (y-axis).
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Downstream Complexity (Outdegree)
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Figure 33. Distributor nodes spread carbon dioxide into the whole REEs production process as
indicated by their weighted outdegree strength.

8.3.4. Total CO2 Turnover
The total carbon dioxide emission turnover is demonstrated by the sum of weighted
outdegrees and indegrees represented by weighted degree centrality. In this study, the total CO2
turnover displays nodes and sectors together served as the backbone of the carbon dioxide emission
distribution in the REEs production network. As shown in figure 34, node sizes are proportional
to weighted degree centrality and nodes are ordered by decreasing degree centrality representing
both downstream and upstream complexity. According to the figure, “Sodium Hydroxide”,
“Electricity”, and “Diesel” serve as the essential nodes assisting the progress of carbon dioxide
emission flow in the REEs production network. In addition, the mentioned nodes and sectors are
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followed by “Neodymium Oxide”, “Hydrochloric Acid”, “REO 50%”, and “Steel” utilizing in
different steps of REEs production pathway.

Figure 34. Total carbon dioxide emission turnover by various nodes and sector in REEs production
network illustrated by weighted degree centrality (node size).
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In addition, figure 34 assists to apprehend and visualize CO2 supply and propagation in the
REEs production network from the outlook of a single node. For instance, the Neodymium Oxide
node located on the top left of the circular diagram in the figure sources Neodymium Metal as the
main product of the electro-refining process in addition to Neodymium Fluoride utilized in the
electro-refining step. Furthermore, various nodes/sectors such as Electricity, Water, Diesel,
Sodium Hydroxide, and Hydrochloric Acid are required in order to produce Neodymium Oxide.
Additionally, the circular design demonstrated by decreasing degree centrality implies that nodes
like Sodium Hydroxide, Diesel, Neodymium Oxide, or Electricity trade with a large number of
downstream as well as upstream nodes (see also Figure 32 and 33). Therefore, as the mentioned
nodes have to handle larger complexity compared to other nodes in the REEs production network,
they are classified as critical nodes with unique positions in the network.

8.3.5. Graph Complexity and Measures of Importance
As discussed previously, the supply chain length can be evaluated through closeness
centrality as an evidence of the average number of transformation steps included in a network.
Table 25 shows the results of the network analysis of the rare earth elements production life cycle
inventories. The ten most important nodes based on weighted and unweighted degree measures as
well as values of closeness, betweenness, and eccentricity were also listed in Table 26. Considering
the closeness centrality of the whole network, majority of nodes are found to be in a central position
not far from each other in the REEs production network. Since higher closeness centrality score
for a node means that the node has the longest average distance to every other node in the network,
the node will be more important to the whole production network either as a supplier which
provides products or services for other sectors or as a demander which receives inputs from other
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nodes. Therefore, given the results in Table 26, “Electricity”, “Diesel”, and “Neodymium Oxide”
are the nodes/sectors with the highest closeness centrality and therefore, they can transfer carbon
dioxide emission to other nodes via a small number of jumps from one node to the other.
As mentioned previously, some nodes can be periodically situated between other nodes
and serve as promising bottlenecks in the REEs production network. With regard to betweenness
centrality, “Neodymium Oxide” shows the highest value which means that several short paths with
high carbon dioxide values go through this node and make it critical node which plays the major
role in assisting the progress of intersectoral CO2 transactions. Therefore, removing any of these
critical nodes has the capacity to substantially disrupt the carbon dioxide emission flow in the rare
earth elements production due to their gatekeeper role in the network. For most critical nodes with
high degree centrality and high closeness centrality, eccentricity as the maximum number of steps
to reach the farthest other supply chain actor in the network equals to 3 or 4 in this investigation.
Hence, this means that the high interconnectedness of exchanges is observed in REEs production
network in accordance with the results presented in Table 25.

Table 25. Results of the network analysis of the rare earth elements production life cycle inventories.
Label

Weighted
Indegree

Indegree

Weighted
Outdegree

Outdegree

Closeness
Centrality

Betweenness Centrality

Eccentricity

s01

Nd Metal

4.34E+01

9

0

0

5.35E-03

0

4

s02

Neodymium Oxide

3.29E+01

15

3.78E+01

1

5.46E-03

592.7

4

s03

Electricity

0

0

5.44E+00

25

6.80E-03

0

3

s04

Graphite

6.98E-03

7

6.97E-02

1

4.83E-03

4.7

3

s05

Lithium Fluoride

4.68E-02

6

4.68E-01

1

4.57E-03

3.7

4

s06

Molybdenum

2.22E-02

5

2.23E-01

1

4.72E-03

2.7

4

s07

Steel

5.28E-03

11

5.26E-02

1

4.88E-03

8.5

4

s08

Water

0

0

3.06E-01

7

4.76E-03

0

4

s09

Refractory

4.22E-02

9

4.22E-02

1

4.98E-03

11.2

3

s10

Neodymium Fluoride

9.89E-02

4

1.97E+00

1

4.67E-03

0.5

4

s11

Conveyor Belt

0

0

1.19E-04

2

3.68E-03

0

4

s12

Limestone Infrastructure

0

0

6.48E-06

1

3.46E-03

0

4

s13

Blasting

0

0

8.87E-02

3

4.10E-03

0

4

s14

Industrial Machine

0

0

1.62E-03

4

3.86E-03

0

4

s15

Recultivation

2.68E-02

1

3.19E-02

3

4.42E-03

0

4

s16

Diesel

0

0

1.15E+01

18

6.06E-03

0

4

s17

Lithium Carbonate

0

0

2.57E-02

1

3.32E-03

0

5

s18

Hydrogen Fluoride

0

0

1.97E-02

2

3.50E-03

0

5

s19

Ammonia

0

0

6.84E-01

4

3.79E-03

0

5

s20

Chemical Factory

0

0

3.23E-01

11

4.63E-03

0

4

s21

Oxygen

0

0

2.31E-03

3

3.79E-03

0

s22

Steam

0

0

5.93E-05

1

3.40E-03

0

4
5

s23

Molybdenite

0

0

2.16E-02

1

3.40E-03

0

5

s24

Iron Scrap

0

0

7.84E-05

1

3.48E-03

0

5

s25

Pig Iron

0

0

2.62E-02

2

3.70E-03

0

4

s26

Dolomite

0

0

3.64E-07

1

3.48E-03

0

5
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ID

Table 25 continued
Weighted
Indegree

Indegree

Weighted
Outdegree

Outdegree

Closeness
Centrality

Betweenness Centrality

Eccentricity

Ferronickel

0

0

7.02E-02

2

3.70E-03

0

4

s28

Lime

0

0

4.11E-04

2

3.80E-03

0

4

s29

Blast Furnace

0

0

8.71E-06

1

3.48E-03

0

5

s30

Iron Ore

0

0

1.87E-03

2

3.70E-03

0

4

s31

Natural Gas

0

0

6.97E+00

2

4.08E-03

0

5

s32

Coke

s33

Magnesium Oxide

s34

ID

Label

s27

0

0

3.98E-04

2

3.70E-03

0

4

4.26E-01

7

6.24E-02

2

5.10E-03

116.2

3

Packing

0

0

1.13E-04

1

3.53E-03

0

4

s35

Lubricating Oil

0

0

2.61E-07

1

3.53E-03

0

4

s36

Chromite Ore

0

0

7.80E-05

1

3.53E-03

0

4

s37

Clay Infrastructure

0

0

6.80E-06

1

3.53E-03

0

4

s38

RECl3

4.46E+00

7

1.01E+01

1

4.95E-03

318.5

4

s39

Barium Chloride

3.91E-01

3

3.91E-01

1

4.61E-03

5.33

4

s40

Sodium Hydroxide

2.08E+00

22

2.09E+00

7

5.43E-03

257.17

3

s41

Hydrochloric Acid

6.67E-01

12

6.70E-01

4

5.00E-03

27.07

4

s42

Ammonium Bicarbonate

4.65E-01

4

4.65E-01

1

4.69E-03

3

4

s43

Soda Ash

1.62E+00

6

1.63E+00

5

5.03E-03

345.67

4

s44

Sulfonated Kerosene

3.61E-02

4

3.61E-02

1

4.72E-03

16.5

4

s45

Alamine 336

2.23E-03

4

2.23E-03

1

4.76E-03

41

4

s46

Naphthenic Acid

8.09E-04

3

8.09E-04

1

4.74E-03

13

4

s47

P204-D2EHPA

2.40E-01

8

2.40E-01

1

4.98E-03

40.67

4

s48

2-Ethylhexanol

2.39E-03

5

2.39E-03

1

4.83E-03

12

4

s49

Calcium Chloride

0

0

1.49E-01

3

3.80E-03

0

4

s50

Barite

0

0

6.52E-02

3

3.80E-03

0

4

s51

Sulfite

0

0

8.91E-01

2

3.76E-03

0

4

s52

Sodium Chloride

0

0

2.75E-01

3

3.89E-03

0

s53

Carbon Tetrachloride

0

0

9.61E-01

2

3.76E-03

0

4
4
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Table 25 continued
Label

Weighted
Indegree

Indegree

Weighted
Outdegree

Outdegree

Closeness
Centrality

Betweenness Centrality

Eccentricity

s54

Sulfuric Acid

3.25E-01

4

3.33E-01

4

4.88E-03

16.53

4

s55

Chlorine

0

0

1.70E-01

3

3.68E-03

0

5

s56

Propylene

0

0

1.59E-01

4

3.70E-03

0

5

s57

Emitted Carbon Dioxide

4.36E+00

1

3.59E-01

2

3.89E-03

437

5

s58

Kerosene

0

0

1.73E-02

1

3.40E-03

0

5

s59
s60
s61

Hydrogen
Fatty Alcohol
Naphtha

0
5.70E-03
0

0
5
0

1.69E-02
5.88E-03
3.25E-04

3
2
1

3.68E-03
4.90E-03
3.41E-03

0
32.25
0

5
3
5

s62

Carbon Monoxide

0

0

6.28E-02

2

3.56E-03

0

5

s63

Phosphorous Chloride

0

0

6.68E-02

1

3.53E-03

0

5

s64

Nitrogen

0

0

6.84E-03

1

3.53E-03

0

5

s65

REO 50%

1.03E+00

12

8.95E-01

1

5.46E-03

213.53

3

s66

Transportation Lorry

0

0

2.08E-01

1

3.52E-03

0

5

s67

Transportation Train

0

0

1.08E+00

1

3.52E-03

0

5

s68

Sulfur

0

0

1.03E-01

1

3.48E-03

0

5

s69

Mine Infrastructure

0

0

5.48E-05

1

4.85E-03

66

4

s70

Fatty Acid

5.16E-02

7

4.93E-02

1

4.93E-03

41.58

3

s71

Sodium Silicate

2.71E-02

6

2.71E-02

1

4.98E-03

79

3

s72

Chromium Steel Balls

1.22E-01

8

1.22E-01

1

3.98E-03

15

4

s73

Mine, Iron

5.05E-04

2

5.05E-04

1

3.77E-03

0

4

s74

Hard Coal

0

0

1.38E-01

1

3.77E-03

0

4

s75

Coconut Oil

0

0

9.78E-03

1

3.47E-03

0

s76

Palm Kernel Oil

0

0

9.54E-03

1

3.47E-03

0

5
5

s77

Soybean Oil

0

0

1.85E-02

1

3.47E-03

0

5

s78

Palm Oil

0

0

7.77E-03

1

3.47E-03

0

5

s79

N-olefins

0

0

2.89E-03

1

3.50E-03

0

4

s80

Ethylene

0

0

4.95E-04

1

3.50E-03

0

4
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Table 25 continued
Weighted
Indegree

Indegree

Weighted
Outdegree

Outdegree

Closeness
Centrality

Betweenness Centrality

Eccentricity

Silica Sand

0

0

8.79E-04

1

3.51E-03

0

4

Chemical Organic

0

0

5.03E-06

1

3.51E-03

0

4

s83

Ferrochromium

0

0

1.37E-02

1

3.53E-03

0

4

s84

Building

0

0

4.94E-04

1

3.00E-03

0

5

ID

Label

s81
s82
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Table 26. Importance of materials/processes/infrastructure based on weighted and unweighted degree measures and values of closeness,
betweenness, and eccentricity.

Order of
Importance

Unweighted

Weighted

Closeness
Centrality

Betweenness
Centrality

Eccentricity

Indegree

Outdegree

Indegree

Outdegree

1

Sodium
Hydroxide

Electricity

Nd Metal

Neodymium
Oxide

Electricity

Neodymium
Oxide

Natural Gas

2

Neodymium
Oxide

Diesel

Neodymium
Oxide

Diesel

Diesel

Emitted Carbon
Dioxide

Hydrogen
Fluoride

3

Hydrochloric
Acid

Chemical
Factory

RECl3

RECl3

Neodymium
Oxide

Soda Ash

Ammonia

4

REO 50%

Water

Emitted Carbon
Dioxide

Natural Gas

REO 50%

RECl3

Transportation
Train

5

Steel

Sodium
Hydroxide

Sodium
Hydroxide

Electricity

Sodium
Hydroxide

Sodium
Hydroxide

Lithium
Carbonate

6

Nd Metal

Soda Ash

Soda Ash

Sodium
Hydroxide

Nd Metal

REO 50%

Blast Furnace

7

Refractory

Ammonia

REO 50%

Neodymium
Fluoride

Magnesium
Oxide

Magnesium
Oxide

Iron Scrap

8

P204-D2EHPA

Sulfuric Acid

Hydrochloric
Acid

Soda Ash

Soda Ash

Sodium Silicate

Chlorine

9

Chromium
Steel Balls

Hydrochloric
Acid

Ammonium
Bicarbonate

Transportation
Train

Hydrochloric
Acid

Mine
Infrastructure

Propylene

10

RECl3

Propylene

Barium
Chloride

REO 50%

P204D2EHPA

Fatty Acid

Mine
Infrastructure
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8.4. Summary & Conclusion
The accounting of environmental impacts and evaluation of the structure of life cycle
inventory based networks is gaining increasing interest among the scientific community. To
provide new understandings about the sustainability of various systems and products, network
analysis as an approach with tremendous potential to integrate and expand the traditional
sustainability assessment can be employed. In this investigation, the use of network indicators to
emphasize structural features of the rare earth elements production network was explored. Our
research focuses specifically on the flow of carbon dioxide emission embedded through the
production process of rare earth elements. Therefore, the results of this study help us better
comprehend and visualize REEs production network and finally, can provide insights in the
position of each node within the network relevant to rare earth metal producers, rare earth products
manufacturers, and decision makers. As the result, through the evaluation of different network
measures such as degree centrality, closeness, and betweenness centrality as powerful means in
recognizing critical nodes and actors, the robustness of the network to targeted and random nodes
removal was assessed. Results also demonstrate that the mentioned importance metrics and
network measures significantly assist the progress of the description of the connections between
individual nodes in the REEs production life cycle inventories.
While unweighted degree measures were investigated, a first picture of the system’s
robustness and connectivity was shown and as the result, important life cycle background
processes essential for the network of the carbon dioxide emission flow exchange were identified.
Furthermore, the convergence of CO2 flow to the functional unit was represented by the analysis
of carbon dioxide emission-weighted networks. The study of network topology also showed that
the REEs production network can be becoming less vulnerable to targeted attacks while
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betweenness centrality of most nodes is reduced. Generally, both closeness and betweenness
centrality evaluate a node’s centrality within a network. Therefore, the more central a node is, the
more critical it is to the whole network in facilitating transactions among nodes. Consolidation of
these results for various resources can bring out crucial nodes for each production pathway that
can provide decision making abilities to avoid risk of network disruption for each resource. Future
directions of this study will focus on the evaluation of energy consumption embedded in the REEs
production network using network metrics and the impact of random and targeted attacks on the
overall energy consumption networks.
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APPENDIX
Supplementary Figures and Tables for Chapter 7
Table S1. Consumption of raw and auxiliary materials and energy in the production of 1 kg Rare
Earth Fluoride at Jiangxi Taihe New Materials Limited facility in China.
materials/energy
Pr Fluoride
HF, 20% Solution

Value Unit Ecoinvent Unit Process
kg
kg

Product (Rare earth fluoride)
By-Product (Hydrogen fluoride {GLO}| market for | Alloc Def, U)

Electricity

1.90E+0 MJ

Electricity, medium voltage {CN}| market group for | Alloc Def, U

Water

1.51E+0 kg

Water, deionised, from tap water, at user {RoW}| production | Alloc Def, U

HF

3.31E-1

kg

Hydrogen fluoride {GLO}| market for | Alloc Def, U

Pr oxide

7.55E-1

kg

Compiled inventory for Praseodymium oxide (product of the solvent extraction
stage)

HF

2.50E-4

kg

Inorganic emissions to air

1

kg

Product (Rare earth fluoride)

HF, 20% Solution

4.15E-1

kg

By-Product (Hydrogen fluoride {GLO}| market for | Alloc Def, U)

Electricity

1.37E+0 MJ

Electricity, medium voltage {CN}| market group for | Alloc Def, U

Water

1.53E+0 kg

Water, deionised, from tap water, at user {RoW}| production | Alloc Def, U

HF

3.36E-1

kg

Hydrogen fluoride {GLO}| market for | Alloc Def, U

Pr oxide

1.89E-1

kg

Compiled inventory for Praseodymium oxide (product of the solvent extraction
stage)

Nd oxide

5.66E-1

kg

Compiled inventory for Neodymium oxide (product of the solvent extraction stage)

HF

1.94E-4

kg

Inorganic emissions to air

1
3.93E-1

kg
kg

Product (Rare earth fluoride)
By-Product (Hydrogen fluoride {GLO}| market for | Alloc Def, U)

Electricity

8.45E-1 MJ

Electricity, medium voltage {CN}| market group for | Alloc Def, U

Water

1.51E+0 kg

Water, deionised, from tap water, at user {RoW}| production | Alloc Def, U

HF

3.31E-1

kg

Hydrogen fluoride {GLO}| market for | Alloc Def, U

Gd oxide

7.55E-1

kg

Compiled inventory for Gadolinium oxide (product of the solvent extraction stage)

HF

2.50E-4

kg

Inorganic emissions to air

1

kg

Product (Rare earth fluoride)

HF, 20% Solution

3.93E-1

kg

By-Product (Hydrogen fluoride {GLO}| market for | Alloc Def, U)

Electricity

6.65E+0 MJ

Electricity, medium voltage {CN}| market group for | Alloc Def, U

Water

1.51E+0 kg

Water, deionised, from tap water, at user {RoW}| production | Alloc Def, U

HF

3.31E-1 kg

Hydrogen fluoride {GLO}| market for | Alloc Def, U

Dy oxide

7.55E-1

kg

Compiled inventory for Dysprosium oxide (product of the solvent extraction stage)

HF

2.50E-4

kg

Inorganic emissions to air

Nd-Pr Fluoride

Gd Fluoride
HF, 20% Solution

Dy Fluoride

1
3.93E-1
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Table S2. Life cycle inventory data to process 1 kg of Praseodymium metal at Jiangxi Taihe New
Materials Limited facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

3.62E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

2.23E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

9.60E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

3.60E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Pr oxide

1.17E+0

kg

Compiled inventory for Pr oxide

Pr fluoride

8.00E-2

kg

Compiled inventory for Pr fluoride

Steel

3.60E-3

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

5.17E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

3.30E-2

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

1

kg

Rare earth metal

Carbon dioxide

1.11E-1

kg

Inorganic emissions to air

Carbon monoxide

3.36E-1

kg

Inorganic emissions to air

Fluoride

2.00E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

1.00E-5

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

2.30E-3

kg

Long-term emissions to air

Output
Pr Metal
Direct emissions

Reference: Environmental Impact Report for Taihe Chang Wei New Materials Co., Ltd. with an
annual output of 2,000 tons of rare earth metal alloy project (100 tons of Pr metal), Published by
China Ruilin Engineering Technology Co., Ltd., April 2016 (in Chinese).
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Table S3. Life cycle impacts to produce 1 kg of Praseodymium metal from ion adsorption clays
and monazite/bastnasite pathways at Jiangxi Taihe New Materials Limited facility in China using
TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

2.15E+01

1.87E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

2.14E+01

1.81E+01

Acidification

kg SO2 eq

1.89E-01

8.05E-01

CTUe

8.25E+01

9.16E+01

kg N eq

4.12E-02

3.12E-01

kg PM2.5 eq

6.85E-02

2.55E-02

Human toxicity, cancer

CTUh

7.71E-07

5.83E-07

Human toxicity, non-canc.

CTUh

5.33E-06

5.86E-06

Ozone Depletion Air

kg CFC 11
eq

2.03E-06

1.18E-06

Resources, Fossil fuels

MJ surplus

1.80E+01

9.78E+00

kg O3 eq

2.36E+00

1.37E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S4. Life cycle inventory data to process 1 kg of Praseodymium-Neodymium alloy at Jiangxi
Taihe New Materials Limited facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

2.61E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.61E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

6.93E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

2.42E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Pr-Nd oxide

1.15E+0

kg

Compiled inventory for Pr-Nd oxide

Pr-Nd fluoride

8.00E-2

kg

Compiled inventory for Pr-Nd fluoride

Steel

2.60E-3

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

3.73E+1

kg

Refractory

2.30E-2

kg

1

kg

Rare earth alloy

Carbon dioxide

1.11E-1

kg

Inorganic emissions to air

Carbon monoxide

3.43E-2

kg

Inorganic emissions to air

Fluoride

2.00E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

1.20E-5

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

2.24E-3

kg

Long-term emissions to air

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U
Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Output
Pr-Nd Alloy
Direct emissions

Reference: Environmental Impact Report for Taihe Chang Wei New Materials Co., Ltd. with an
annual output of 2,000 tons of rare earth metal alloy project (1500 tons of Nd (78-80%) – Pr (2022%) alloy), Published by China Ruilin Engineering Technology Co., Ltd., April 2016 (in
Chinese).
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Table S5. Life cycle impacts to produce 1 kg of Praseodymium-Neodymium alloy from ion
adsorption clays and monazite/bastnasite pathways at Jiangxi Taihe New Materials Limited facility
in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

kg CO2 eq

1.51E+01

1.32E+01

kg CO2 eq

1.50E+01

1.28E+01

kg SO2 eq

1.33E-01

5.46E-01

CTUe

5.64E+01

6.25E+01

kg N eq

2.85E-02

2.10E-01

kg PM2.5 eq

4.74E-02

1.86E-02

Human toxicity, cancer

CTUh

5.30E-07

4.04E-07

Human toxicity, non-canc.

CTUh

3.66E-06

4.02E-06

Ozone Depletion Air

kg CFC 11
eq

1.37E-06

8.06E-07

Resources, Fossil fuels

MJ surplus

1.22E+01

6.73E+00

kg O3 eq

1.62E+00

9.57E-01

Impact Category
Global Warming Air, excl. biogenic
carbon
Global Warming Air, incl. biogenic
carbon
Acidification
Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S6 Life cycle inventory data to process 1 kg of Gadolinium Ferrous alloy at Jiangxi Taihe
New Materials Limited facility in China.
Input / Output

Consumption Unit Ecoinvent Unit Process

Inputs
Electricity

1.61E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.00E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

4.26E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Gd oxide

8.33E-1

kg

Compiled inventory for Gd oxide

Gd fluoride

8.00E-2

kg

Compiled inventory for Gd fluoride

Steel

1.06E-1

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

2.30E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.46E-2

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Sodium hydroxide

4.17E-4

kg

Sodium hydroxide, without water, in 50% solution
state {GLO}| market for | Alloc Def, U

Quicklime

4.17E-3

kg

Quicklime, milled, packed {GLO}| market for |
Alloc Def, U

1

kg

Rare earth alloy

Carbon dioxide

4.41E-2

kg

Inorganic emissions to air

Carbon monoxide

1.37E-2

kg

Inorganic emissions to air

Fluoride

1.67E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

1.34E-5

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

2.30E-3

kg

Long-term emissions to air

Output
Gd-Fe alloy
Direct emissions

Reference: Environmental Impact Report for Taihe Chang Wei New Materials Co., Ltd. with an
annual output of 2,000 tons of rare earth metal alloy project (300 tons Gd-Fe alloy), Published by
China Ruilin Engineering Technology Co., Ltd., April 2016 (in Chinese).
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Table S7 Life cycle impacts to produce 1 kg of Gadolinium Ferrous alloy from ion adsorption
clays and monazite/bastnasite pathways at Jiangxi Taihe New Materials Limited facility in China
using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

9.08E+00

8.04E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

9.03E+00

7.80E+00

Acidification

kg SO2 eq

8.00E-02

3.08E-01

CTUe

1.60E+01

1.94E+01

kg N eq

1.31E-02

1.14E-01

kg PM2.5 eq

2.86E-02

1.26E-02

Human toxicity, cancer

CTUh

3.15E-07

2.46E-07

Human toxicity, non-canc.

CTUh

1.23E-06

1.43E-06

Ozone Depletion Air

kg CFC 11
eq

7.87E-07

4.73E-07

Resources, Fossil fuels

MJ surplus

7.03E+00

3.98E+00

kg O3 eq

9.48E-01

5.82E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S8. Life cycle inventory data to process 1 kg of Dysprosium Ferrous alloy at Jiangxi Taihe
New Materials Limited facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

1.27E+2

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

7.81E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

3.36E-2

kg

Lithium fluoride {CN}| production | Alloc Def, U

Dy oxide

1.17E+0

kg

Compiled inventory for Dy oxide

Dy fluoride

8.00E-2

kg

Compiled inventory for Dy fluoride

Steel

9.50E-1

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.81E+2

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.16E-1

kg

Refractory, basic, packed {GLO}| market for | Alloc
Def, U

Sodium hydroxide

3.75E-3

kg

Sodium hydroxide, without water, in 50% solution
state {GLO}| market for | Alloc Def, U

Quicklime

3.75E-2

kg

Quicklime, milled, packed {GLO}| market for |
Alloc Def, U

1

kg

Rare earth alloy

Carbon dioxide

6.75E-2

kg

Inorganic emissions to air

Carbon monoxide

2.10E-2

kg

Inorganic emissions to air

Fluoride

2.00E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

1.00E-5

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

2.30E-3

kg

Long-term emissions to air

Output
Dy-Fe alloy
Direct emissions

Reference: Environmental Impact Report for Taihe Chang Wei New Materials Co., Ltd. with an
annual output of 2,000 tons of rare earth metal alloy project (100 tons Dy-Fe alloy), Published by
China Ruilin Engineering Technology Co., Ltd., April 2016 (in Chinese).
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Table S9. Life cycle impacts to produce 1 kg of Dysprosium Ferrous alloy from ion adsorption
clays and monazite/bastnasite pathways at Jiangxi Taihe New Materials Limited facility in China
using TRACI.
Unit

Ion Adsorption Clays*

Global Warming Air, excl. biogenic carbon

kg CO2 eq

6.31E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

6.10E+01

Acidification

kg SO2 eq

2.62E+00

CTUe

1.48E+02

kg N eq

9.76E-01

kg PM2.5 eq

7.98E-02

Human toxicity, cancer

CTUh

1.70E-06

Human toxicity, non-canc.

CTUh

1.10E-05

Ozone Depletion Air

kg CFC 11
eq

3.74E-06

Resources, Fossil fuels

MJ surplus

3.13E+01

kg O3 eq

4.54E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

*

Dysprosium ferrous alloy as a heavy rare earth alloy is just produced in Southern China from Ion
Adsorption clays.
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Table S10. Life cycle impacts to produce 1 kg of different rare earth fluorides from ion adsorption
clays pathways at Jiangxi Taihe New Materials Limited facility in China using TRACI.
Unit

Pr
Fluoride

Nd-Pr
Fluoride

Gd
Fluoride

Dy
Fluoride

Global Warming Air, excl.
biogenic carbon

kg CO2 eq

8.73E+01

5.90E+01

3.32E+01

2.80E+02

Global Warming Air, incl.
biogenic carbon

kg CO2 eq

8.05E+01

5.44E+01

3.06E+01

2.58E+02

Acidification

kg SO2 eq

8.71E+00

5.85E+00

3.25E+00

2.82E+01

CTUe

4.25E+02

2.90E+02

1.67E+02

1.34E+03

kg N eq

3.59E+00

2.41E+00

1.34E+00

1.16E+01

kg PM2.5 eq

9.82E-02

6.67E-02

3.80E-02

3.13E-01

Human toxicity, cancer

CTUh

3.69E-06

2.50E-06

1.42E-06

1.17E-05

Human toxicity, non-canc.

CTUh

2.87E-05

1.96E-05

1.13E-05

9.10E-05

kg CFC11 eq

1.32E-05

8.97E-06

5.06E-06

4.23E-05

MJ surplus

9.76E+01

6.63E+01

3.77E+01

3.11E+02

kg O3 eq

5.64E+00

3.83E+00

2.17E+00

1.80E+01

Impact Category

Ecotoxicity

Eutrophication
Human Health Particulate
Air

Ozone Depletion Air

Resources, Fossil fuels

Smog Air
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Table S11. Life cycle inventory data to process 1 kg of Praseodymium metal at Ganzhou Sanyou
Rare Earth New Materials facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

6.14E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

5.10E-2

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.87E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

8.68E-5

kg

Molybdenum {GLO}| market for | Alloc Def, U

Pr oxide

1.18E+0

kg

Compiled inventory for Pr oxide

Pr fluoride

7.00E-2

kg

Compiled inventory for Pr fluoride

Steel

8.68E-4

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

3.90E+0

kg

Refractory

7.15E-3

kg

1

kg

Rare earth metal

Fluoride

1.01E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

9.05E-4

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

1.99E-5

kg

Long-term emissions to air

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U
Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Output
Pr Metal
Direct emissions

Reference: Environmental Impact Assessment of Technology Upgrade on the Production of Rare
Earth Metals by Molten Salt Electrolysis at Ganzhou Sanyou Rare Earth New Materials Co. Ltd.,
with an annual output of 300 tons of rare earth metal project (60 tons of Pr metal) Published by
Jiangxi Academy of Environmental Science, Aug., 2014 (in Chinese).
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Table S12. Life cycle impacts to produce 1 kg of Praseodymium metal from ion adsorption clays
and monazite/bastnasite pathways at Ganzhou Sanyou Rare Earth New Materials facility in China
using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

2.78E+01

2.56E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

2.77E+01

2.50E+01

Acidification

kg SO2 eq

2.49E-01

7.91E-01

CTUe

5.07E+01

1.15E+02

kg N eq

3.86E-02

2.90E-01

kg PM2.5 eq

6.98E-02

3.78E-02

Human toxicity, cancer

CTUh

7.42E-07

7.03E-07

Human toxicity, non-canc.

CTUh

3.84E-06

7.34E-06

Ozone Depletion Air

kg CFC 11
eq

1.80E-06

1.09E-06

Resources, Fossil fuels

MJ surplus

1.70E+01

1.00E+01

kg O3 eq

2.74E+00

1.91E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S13. Life cycle inventory data to process 1 kg of Neodymium metal at Ganzhou Sanyou
Rare Earth New Materials facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

3.42E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.70E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

6.21E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

2.88E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Nd oxide

1.15E+0

kg

Compiled inventory for Nd oxide

Nd fluoride

7.00E-2

kg

Compiled inventory for Nd fluoride

Steel

2.88E-3

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.29E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

2.37E-2

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

1

kg

Rare earth metal

Fluoride

3.36E-4

kg

Inorganic emissions to fresh water

Particulates, < 2.5 um

3.00E-3

kg

Long-term emissions to air

Particulates, > 2.5 um, and < 10um

6.61E-5

kg

Long-term emissions to air

Output
Nd Metal
Direct emissions

Reference: Environmental Impact Assessment of Technology Upgrade on the Production of Rare
Earth Metals by Molten Salt Electrolysis at Ganzhou Sanyou Rare Earth New Materials Co. Ltd.,
with an annual output of 300 tons of rare earth metal project (240 tons of Nd metal) Published by
Jiangxi Academy of Environmental Science, 2014 (in Chinese).
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Table S14. Life cycle impacts to produce 1 kg of Neodymium metal from ion adsorption clays and
monazite/bastnasite pathways at Ganzhou Sanyou Rare Earth New Materials facility in China
using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

1.57E+01

1.43E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

1.56E+01

1.40E+01

Acidification

kg SO2 eq

1.42E-01

4.44E-01

CTUe

5.99E+01

6.44E+01

kg N eq

2.97E-02

1.63E-01

kg PM2.5 eq

4.23E-02

2.12E-02

Human toxicity, cancer

CTUh

4.87E-07

3.95E-07

Human toxicity, non-canc.

CTUh

3.86E-06

4.12E-06

Ozone Depletion Air

kg CFC 11
eq

1.04E-06

6.21E-07

Resources, Fossil fuels

MJ surplus

9.72E+00

5.68E+00

kg O3 eq

1.55E+00

1.07E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S15. Life cycle inventory data to process 1 kg of Neodymium-Praseodymium alloy at Fujian
Changding Jinlong Rare Earth Co., Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

4.84E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

3.03E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.52E-2

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

1.52E-3

kg

Molybdenum {GLO}| market for | Alloc Def, U

Nd-Pr oxide

1.15E+0

kg

Compiled inventory for Nd-Pr oxide

Nd-Pr fluoride

8.00E-2

kg

Compiled inventory for Nd-Pr fluoride

Water

1.46E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

1

kg

Rare earth alloy

Fluoride

2.19E-4

kg

Inorganic emissions to fresh water

Hydrogen Fluoride

1.63E-4

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

1.99E-3

kg

Long-term emissions to air

Output
Nd-Pr Alloy
Direct emissions

Reference: Environmental Impact Assessment on the Production of Rare Earth Metals/Alloys at
Fujian Changding Jinlong Rare Earth Co., Ltd. facility, with an annual output of 6000 tons of rare
earth metals/alloys project (1800 tons of Pr-Nd alloy, 1200 tons of La-Ce alloy, 900 tons of La
metal, 1800 tons of Nd metal, and 300 tons of other rare earth metals), 2013 (in Chinese).
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Table S16. Life cycle impacts to produce 1 kg of Neodymium-Praseodymium alloy from ion
adsorption clays and monazite/bastnasite pathways at Fujian Changding Jinlong Rare Earth Co.,
Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

2.20E+01

2.02E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

2.19E+01

1.97E+01

Acidification

kg SO2 eq

2.01E-01

6.14E-01

CTUe

2.26E+02

2.32E+02

kg N eq

7.67E-02

2.59E-01

kg PM2.5 eq

5.82E-02

2.94E-02

Human toxicity, cancer

CTUh

9.59E-07

8.33E-07

Human toxicity, non-canc.

CTUh

1.31E-05

1.34E-05

Ozone Depletion Air

kg CFC 11
eq

1.42E-06

8.56E-07

Resources, Fossil fuels

MJ surplus

1.34E+01

7.87E+00

kg O3 eq

2.20E+00

1.53E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S17. Life cycle inventory data to process 1 kg of Neodymium metal at Fujian Changding
Jinlong Rare Earth Co., Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

4.15E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

2.60E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.30E-2

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

1.30E-3

kg

Molybdenum {GLO}| market for | Alloc Def, U

Nd oxide

1.15E+0

kg

Compiled inventory for Nd-Pr oxide

Nd fluoride

8.00E-2

kg

Compiled inventory for Nd-Pr fluoride

Water

1.26E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

1

kg

Rare earth metal

Fluoride

1.87E-4

kg

Inorganic emissions to fresh water

Hydrogen Fluoride

1.40E-4

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

1.71E-3

kg

Long-term emissions to air

Output
Nd Metal
Direct emissions

Reference: Environmental Impact Assessment on the Production of Rare Earth Metals/Alloys at
Fujian Changding Jinlong Rare Earth Co., Ltd. facility, with an annual output of 6000 tons of rare
earth metals/alloys project (1800 tons of Pr-Nd alloy, 1200 tons of La-Ce alloy, 900 tons of La
metal, 1800 tons of Nd metal, and 300 tons of other rare earth metals), 2013 (in Chinese).
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Table S18. Life cycle impacts to produce 1 kg of Neodymium metal from ion adsorption clays and
monazite/bastnasite pathways at Fujian Changding Jinlong Rare Earth Co., Ltd. facility in China
using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

1.88E+01

1.72E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

1.87E+01

1.68E+01

Acidification

kg SO2 eq

1.72E-01

5.17E-01

CTUe

1.94E+02

1.99E+02

kg N eq

6.56E-02

2.18E-01

kg PM2.5 eq

4.93E-02

2.51E-02

Human toxicity, cancer

CTUh

8.17E-07

7.11E-07

Human toxicity, non-canc.

CTUh

1.12E-05

1.15E-05

Ozone Depletion Air

kg CFC 11
eq

1.20E-06

7.23E-07

Resources, Fossil fuels

MJ surplus

1.13E+01

6.67E+00

kg O3 eq

1.87E+00

1.31E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S19. Life cycle inventory data to process 1 kg of Lanthanum metal at Fujian Changding
Jinlong Rare Earth Co., Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

3.40E+0

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

2.13E-2

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.07E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

1.07E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

La oxide

1.16E+0

kg

Compiled inventory for La oxide

La fluoride

1.00E-1

kg

Compiled inventory for Nd fluoride*

Water

1.03E+0

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

1

kg

Rare earth metal

Fluoride

1.54E-5

kg

Inorganic emissions to fresh water

Hydrogen Fluoride

1.15E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

1.40E-4

kg

Long-term emissions to air

Output
La Metal
Direct emissions

Reference: Environmental Impact Assessment on the Production of Rare Earth Metals/Alloys at
Fujian Changding Jinlong Rare Earth Co., Ltd. facility, with an annual output of 6000 tons of rare
earth metals/alloys project (1800 tons of Pr-Nd alloy, 1200 tons of La-Ce alloy, 900 tons of La
metal, 1800 tons of Nd metal, and 300 tons of other rare earth metals), 2013 (in Chinese).

*

Since no data is available for La fluoride production, Nd fluoride was used.
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Table S20 Life cycle impacts to produce 1 kg of Lanthanum metal from ion adsorption clays and
monazite/bastnasite pathways at Fujian Changding Jinlong Rare Earth Co., Ltd. facility in China
using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

8.01E+00

6.06E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

7.99E+00

5.67E+00

Acidification

kg SO2 eq

6.85E-02

5.01E-01

CTUe

3.28E+01

3.92E+01

kg N eq

1.62E-02

2.07E-01

kg PM2.5 eq

3.75E-02

7.33E-03

Human toxicity, cancer

CTUh

3.87E-07

2.56E-07

Human toxicity, non-canc.

CTUh

2.12E-06

2.49E-06

Ozone Depletion Air

kg CFC 11
eq

1.36E-06

7.64E-07

Resources, Fossil fuels

MJ surplus

1.15E+01

5.77E+00

kg O3 eq

1.10E+00

4.10E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S21. Life cycle inventory data to process 1 kg of Lanthanum-Cerium alloy at Fujian
Changding Jinlong Rare Earth Co., Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

3.19E+0

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

2.00E-2

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.00E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

1.00E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

La oxide

4.06E-1

kg

Compiled inventory for La oxide

Ce oxide

7.54E-1

kg

Compiled inventory for Ce oxide

La-Ce fluoride

1.00E-1

kg

Compiled inventory for Ce fluoride*

Water

9.66E-1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

1

kg

Rare earth metal

Fluoride

1.44E-5

kg

Inorganic emissions to fresh water

Hydrogen Fluoride

1.08E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

1.32E-4

kg

Long-term emissions to air

Output
La Metal
Direct emissions

Reference: Environmental Impact Assessment on the Production of Rare Earth Metals/Alloys at
Fujian Changding Jinlong Rare Earth Co., Ltd. facility, with an annual output of 6000 tons of rare
earth metals/alloys project (1800 tons of Pr-Nd alloy, 1200 tons of La-Ce alloy, 900 tons of La
metal, 1800 tons of Nd metal, and 300 tons of other rare earth metals), 2013 (in Chinese).

*

Since no data is available for La-Ce fluoride production, Ce fluoride was used.
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Table S22. Life cycle impacts to produce 1 kg of Lanthanum-Cerium alloy from ion adsorption
clays and monazite/bastnasite pathways at Fujian Changding Jinlong Rare Earth Co., Ltd. facility
in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

7.94E+00

5.99E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

7.92E+00

5.60E+00

Acidification

kg SO2 eq

6.79E-02

5.00E-01

CTUe

3.19E+01

3.83E+01

kg N eq

1.59E-02

2.06E-01

kg PM2.5 eq

3.74E-02

7.23E-03

Human toxicity, cancer

CTUh

3.84E-07

2.53E-07

Human toxicity, non-canc.

CTUh

2.07E-06

2.44E-06

Ozone Depletion Air

kg CFC 11
eq

1.36E-06

7.64E-07

Resources, Fossil fuels

MJ surplus

1.15E+01

5.76E+00

kg O3 eq

1.10E+00

4.04E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S23. Life cycle inventory data to process 1 kg of Lanthanum metal at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

1.80E+0

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

8.94E-6

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

3.18E-7

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

5.70E-8

kg

Molybdenum {GLO}| market for | Alloc Def, U

La oxide

1.62E+0

kg

Compiled inventory for La oxide

La fluoride

4.13E-2

kg

Compiled inventory for Nd fluoride*

Steel

2.78E-6

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

9.59E-1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.25E-8

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.20E-6

kg

GLO: market for Argon, liquid

1

kg

Rare earth metal

Fluoride

5.60E-9

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

3.52E-8

kg

Long-term emissions to air

Output
La Metal
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(320 tons of lanthanum metal) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).

*

Since no data is available for La fluoride production, Nd fluoride was used.
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Table S24. Life cycle impacts to produce 1 kg of Lanthanum metal at Ganzhou Chenguang Rare
Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

3.44E+00

2.63E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

3.43E+00

2.47E+00

Acidification

kg SO2 eq

2.95E-02

2.08E-01

CTUe

1.53E+01

1.80E+01

kg N eq

7.24E-03

8.58E-02

kg PM2.5 eq

1.57E-02

3.20E-03

Human toxicity, cancer

CTUh

1.66E-07

1.12E-07

Human toxicity, non-canc.

CTUh

9.76E-07

1.13E-06

Ozone Depletion Air

kg CFC 11
eq

5.62E-07

3.17E-07

Resources, Fossil fuels

MJ surplus

4.78E+00

2.40E+00

kg O3 eq

4.65E-01

1.79E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S25. Life cycle inventory data to process 1 kg of Neodymium-Praseodymium alloy at
Ganzhou Chenguang Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

2.64E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.31E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

4.66E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

8.36E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Nd-Pr oxide

1.16E+0

kg

Compiled inventory for Nd-Pr oxide

Nd-Pr fluoride

5.00E-2

kg

Compiled inventory for Nd-Pr fluoride

Steel

4.07E-2

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.41E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.83E-4

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.75E-2

kg

GLO: market for Argon, liquid

1

kg

Rare earth alloy

Fluoride

8.21E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

5.16E-4

kg

Long-term emissions to air

Output
Nd-Pr Alloy
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(3600 tons of Neodymium-Praseodymium alloy) at the Ganzhou Chenguang Rare Earth New
Materials Co. LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).
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Table S26. Life cycle impacts to produce 1 kg of Neodymium-Praseodymium alloy at Ganzhou
Chenguang Rare Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

1.26E+01

1.15E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

1.26E+01

1.12E+01

Acidification

kg SO2 eq

1.14E-01

3.72E-01

CTUe

1.26E+02

1.30E+02

kg N eq

4.31E-02

1.57E-01

kg PM2.5 eq

3.42E-02

1.62E-02

Human toxicity, cancer

CTUh

5.67E-07

4.89E-07

Human toxicity, non-canc.

CTUh

7.30E-06

7.52E-06

Ozone Depletion Air

kg CFC 11
eq

8.85E-07

5.30E-07

Resources, Fossil fuels

MJ surplus

8.19E+00

4.74E+00

kg O3 eq

1.28E+00

8.66E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

166
Table S27. Life cycle inventory data to process 1 kg of Neodymium metal at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

2.27E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.13E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

4.01E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

7.20E4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Nd oxide

1.16E+0

kg

Compiled inventory for Nd oxide

Nd fluoride

4.93E-2

kg

Compiled inventory for Nd fluoride

Steel

3.51E-2

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.21E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.58E-4

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.51E-2

kg

GLO: market for Argon, liquid

1

kg

Rare earth metal

Fluoride

7.07E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

4.44E-4

kg

Long-term emissions to air

Output
Nd metal
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(1520 tons of Neodymium metal) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).
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Table S28. Life cycle impacts to produce 1 kg of Neodymium metal at Ganzhou Chenguang Rare
Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

1.07E+01

9.79E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

1.07E+01

9.54E+00

Acidification

kg SO2 eq

9.71E-02

3.10E-01

CTUe

1.08E+02

1.12E+02

kg N eq

3.70E-02

1.31E-01

kg PM2.5 eq

2.88E-02

1.39E-02

Human toxicity, cancer

CTUh

4.82E-07

4.17E-07

Human toxicity, non-canc.

CTUh

6.27E-06

6.45E-06

Ozone Depletion Air

kg CFC 11
eq

7.36E-07

4.43E-07

Resources, Fossil fuels

MJ surplus

6.83E+00

3.98E+00

kg O3 eq

1.08E+00

7.40E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S29. Life cycle inventory data to process 1 kg of Terbium metal at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

2.30E+2

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.14E-3

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

4.07E-5

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

7.30E-6

kg

Molybdenum {GLO}| market for | Alloc Def, U

Tb oxide

1.40E+0

kg

Compiled inventory for Tb oxide

Tb fluoride

5.00E-2

kg

Compiled inventory for Dy fluoride*

Steel

3.55E-4

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.23E+2

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.60E-6

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.53E-4

kg

GLO: market for Argon, liquid

Quicklime

8.21E-1

kg

GLO: market for quicklime, milled, packed

1

kg

Rare earth metal

Fluoride

7.17E-7

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

4.50E-6

kg

Long-term emissions to air

Output
Tb metal
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(50 tons of Terbium metal) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).

*

Since no data is available for Tb fluoride production, Dy fluoride was used.
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Table S30. Life cycle impacts to produce 1 kg of Terbium metal at Ganzhou Chenguang Rare
Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Ion Adsorption Clays*

Global Warming Air, excl. biogenic carbon

kg CO2 eq

8.92E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

8.75E+01

Acidification

kg SO2 eq

2.10E+00

CTUe

1.08E+03

kg N eq

8.98E-01

kg PM2.5 eq

1.28E-01

Human toxicity, cancer

CTUh

3.77E-06

Human toxicity, non-canc.

CTUh

6.17E-05

Ozone Depletion Air

kg CFC 11
eq

2.91E-06

Resources, Fossil fuels

MJ surplus

2.87E+01

kg O3 eq

6.81E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

*

Terbium as a heavy REE is only produced in Southern China from Ion Adsorption clays.
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Table S31. Life cycle inventory data to process 1 kg of Dysprosium ferrous alloy at Ganzhou
Chenguang Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

1.33E+2

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

6.59E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

2.34E-2

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

4.21E-3

kg

Molybdenum {GLO}| market for | Alloc Def, U

Dy oxide

9.15E-1

kg

Compiled inventory for Dy oxide

Dy fluoride

7.40E-2

kg

Compiled inventory for Dy fluoride

Steel

2.05E-3

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

7.08E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

9.22E-4

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

8.83E-2

kg

GLO: market for Argon, liquid

Quicklime

5.24E-1

kg

GLO: market for quicklime, milled, packed

1

kg

Rare earth alloy

Fluoride

4.13E-4

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

2.60E-3

kg

Long-term emissions to air

Output
Dy-Fe Alloy
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(905 tons of Dysprosium ferrous alloy) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).
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Table S32. Life cycle impacts to produce 1 kg of Dysprosium ferrous alloy at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Ion Adsorption Clays*

Global Warming Air, excl. biogenic carbon

kg CO2 eq

6.42E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

6.22E+01

Acidification

kg SO2 eq

2.48E+00

CTUe

6.81E+02

kg N eq

1.04E+00

kg PM2.5 eq

8.81E-02

Human toxicity, cancer

CTUh

2.70E-06

Human toxicity, non-canc.

CTUh

3.97E-05

Ozone Depletion Air

kg CFC 11
eq

3.60E-06

Resources, Fossil fuels

MJ surplus

3.06E+01

kg O3 eq

4.74E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

*

Dysprosium ferrous alloy as a heavy rare earth alloy is only produced in Southern China from Ion
Adsorption clays.
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Table S33. Life cycle inventory data to process 1 kg of Gadolinium ferrous alloy at Ganzhou
Chenguang Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

1.44E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

7.15E-2

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

2.54E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

4.56E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Gd oxide

9.40E-1

kg

Compiled inventory for Gd oxide

Gd fluoride

6.00E-2

kg

Compiled inventory for Gd fluoride

Steel

2.22E-2

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

8.48E+0

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.00E-4

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

9.57E-3

kg

GLO: market for Argon, liquid

Quicklime

5.85E-2

kg

GLO: market for quicklime, milled, packed

1

kg

Rare earth alloy

Fluoride

4.48E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

2.82E-4

kg

Long-term emissions to air

Output
Gd-Fe alloy
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(1000 tons of Gadolinium ferrous alloy) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).
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Table S34. Life cycle impacts to produce 1 kg of Gadolinium ferrous alloy at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

7.47E+00

6.70E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

7.43E+00

6.51E+00

Acidification

kg SO2 eq

6.69E-02

2.38E-01

CTUe

7.05E+01

7.31E+01

kg N eq

2.45E-02

1.00E-01

kg PM2.5 eq

2.13E-02

9.32E-03

Human toxicity, cancer

CTUh

3.36E-07

2.84E-07

Human toxicity, non-canc.

CTUh

4.10E-06

4.25E-06

Ozone Depletion Air

kg CFC 11
eq

5.90E-07

3.55E-07

Resources, Fossil fuels

MJ surplus

5.38E+00

3.09E+00

kg O3 eq

7.74E-01

5.00E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S35. Life cycle inventory data to process 1 kg of Holmium ferrous alloy at Ganzhou
Chenguang Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

2.34E+1

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

1.16E-1

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

4.13E-3

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

7.41E-4

kg

Molybdenum {GLO}| market for | Alloc Def, U

Ho oxide

9.19E-1

kg

Compiled inventory for Ho oxide

Ho fluoride

5.63E-2

kg

Compiled inventory for Dy fluoride*

Steel

3.61E-2

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

1.25E+1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.63E-4

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.56E-2

kg

GLO: market for Argon, liquid

Quicklime

1.52E-1

kg

GLO: market for quicklime, milled, packed

1

kg

Rare earth alloy

Fluoride

7.28E-5

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

4.57E-4

kg

Long-term emissions to air

Output
Ho-Fe alloy
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(320 tons of Holmium ferrous alloy) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).

*

Since no data is available for Ho fluoride production, Dy fluoride was used.
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Table S36. Life cycle impacts to produce 1 kg of Holmium ferrous alloy at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Ion Adsorption Clays*

Global Warming Air, excl. biogenic carbon

kg CO2 eq

2.35E+01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

2.22E+01

Acidification

kg SO2 eq

1.65E+00

CTUe

1.78E+02

kg N eq

6.85E-01

kg PM2.5 eq

2.91E-02

Human toxicity, cancer

CTUh

9.84E-07

Human toxicity, non-canc.

CTUh

1.09E-05

Ozone Depletion Air

kg CFC 11
eq

2.47E-06

Resources, Fossil fuels

MJ surplus

1.89E+01

kg O3 eq

1.62E+00

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

*

Holmium as a heavy REE is just produced in Southern China from Ion Adsorption clays.
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Table S37. Life cycle inventory data to process 1 kg of Samarium metal at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

9.22E+0

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

4.58E-5

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

1.63E-6

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

2.92E-7

kg

Molybdenum {GLO}| market for | Alloc Def, U

Sm oxide

1.18E+0

kg

Compiled inventory for Sm oxide

Sm fluoride

5.00E-2

kg

Compiled inventory for Nd fluoride*

Steel

1.42E-5

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

4.91E+0

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

6.40E-8

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

6.13E-6

kg

GLO: market for Argon, liquid

Lanthanum for Metallothermic
Reduction

0.92E+0

kg

Compiled inventory for Lanthanum Metal at
Ganzhou Chenguang

1

kg

Rare earth metal

Fluoride

2.87E-8

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

1.80E-7

kg

Long-term emissions to air

Output
Sm metal
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(125 tons of Samarium metal) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).

*

Since no data is available for Sm fluoride production, Nd fluoride was used.
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Table S38. Life cycle impacts to produce 1 kg of Samarium metal at Ganzhou Chenguang Rare
Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

9.52E+00

8.55E+00

Global Warming Air, incl. biogenic carbon

kg CO2 eq

9.48E+00

8.32E+00

Acidification

kg SO2 eq

8.29E-02

2.99E-01

CTUe

2.59E+01

2.91E+01

kg N eq

1.57E-02

1.11E-01

kg PM2.5 eq

3.60E-02

2.09E-02

Human toxicity, cancer

CTUh

3.70E-07

3.04E-07

Human toxicity, non-canc.

CTUh

1.80E-06

1.98E-06

Ozone Depletion Air

kg CFC 11
eq

1.21E-06

9.16E-07

Resources, Fossil fuels

MJ surplus

1.05E+01

7.64E+00

kg O3 eq

1.16E+00

8.12E-01

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air
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Table S39. Life cycle inventory data to process 1 kg of Lanthanum-Cerium alloy at Ganzhou
Chenguang Rare Earth New Materials Co. Ltd. facility in China.
Input / Output

Consumption Unit

Ecoinvent Unit Process

Inputs
Electricity

1.80E+0

MJ

Electricity, medium voltage {CN}| market group
for | Alloc Def, U

Graphite

8.94E-3

kg

Graphite {GLO}| market for | Alloc Def, U

Lithium fluoride

3.18E-4

kg

Lithium fluoride {CN}| production | Alloc Def, U

Molybdenum

5.70E-5

kg

Molybdenum {GLO}| market for | Alloc Def, U

La oxide

4.20E-1

kg

Compiled inventory for La oxide

Ce oxide

7.80E-1

kg

Compiled inventory for Ce oxide

La fluoride

1.75E-2

kg

Compiled inventory for Ce fluoride*

Steel

2.78E-3

kg

Steel, unalloyed {GLO}| market for | Alloc Def, U

Water

9.59E-1

kg

Water, deionised, from tap water, at user {RoW}|
production | Alloc Def, U

Refractory

1.25E-5

kg

Refractory, basic, packed {GLO}| market for |
Alloc Def, U

Argon

1.20E-3

kg

GLO: market for Argon, liquid

1

kg

Rare earth metal

Fluoride

5.60E-6

kg

Inorganic emissions to fresh water

Particulates, > 2.5 um, and < 10um

3.52E-5

kg

Long-term emissions to air

Output
La-Ce alloy
Direct emissions

Reference: Report on Environmental Inspection of 8000 ton/year rare earth metal production line
(160 tons of Lanthanum-Cerium alloy) at the Ganzhou Chenguang Rare Earth New Materials Co.
LTD, Jiangxi Environmental protection bureau, 2015 (in Chinese).

*

Since no data is available for La fluoride production, Ce fluoride was used.
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Table S40. Life cycle impacts to produce 1 kg of Lanthanum-Cerium alloy at Ganzhou Chenguang
Rare Earth New Materials Co. Ltd. facility in China using TRACI.
Unit

Bastnasite /
Monazite

Ion Adsorption
Clays

Global Warming Air, excl. biogenic carbon

kg CO2 eq

7.98E-01

7.72E-01

Global Warming Air, incl. biogenic carbon

kg CO2 eq

7.92E-01

7.62E-01

Acidification

kg SO2 eq

7.48E-03

1.31E-02

CTUe

8.44E+00

8.53E+00

kg N eq

2.85E-03

5.33E-03

kg PM2.5 eq

1.52E-03

1.13E-03

Human toxicity, cancer

CTUh

3.23E-08

3.06E-08

Human toxicity, non-canc.

CTUh

4.87E-07

4.92E-07

Ozone Depletion Air

kg CFC 11
eq

2.78E-08

2.00E-08

Resources, Fossil fuels

MJ surplus

2.99E-01

2.23E-01

kg O3 eq

6.94E-02

6.04E-02

Impact Category

Ecotoxicity
Eutrophication
Human Health Particulate Air

Smog Air

Table S41. Sensitivity analysis of main contributors to produce one kg neodymium metal at Ganzhou Sanyou facility in China.
Electricity
TRACI Categories

Variation

Low

Base

Nd Fluoride
High

Low

Base

Molybdenum
High

Low

Base

High

9.92E-01

9.92E-01

Acidification [kg SO2-Eq.]

± 10%

9.82E-01 9.92E-01 1.00E+00 9.88E-01 9.92E-01 9.96E-01 9.92E-01

Ecotoxicity [CTUe]

± 10%

3.12E+02 3.13E+02 3.14E+02 3.11E+02 3.13E+02 3.14E+02 3.09E+02 3.13E+02 3.16E+02

Eutrophication [kg N-Eq.]

± 10%

1.94E-01 1.96E-01

Global Warming Air [kg CO2-Eq.]
Human Health Particulate Air [kg
PM2,5-Eq.]
Human toxicity, cancer [CTUh]

± 10%

1.17E+02 1.18E+02 1.19E+02 1.18E+02 1.18E+02 1.19E+02 1.18E+02 1.18E+02 1.18E+02

± 10%

5.82E-01 5.84E-01

5.85E-01

5.81E-01 5.84E-01 5.86E-01 5.84E-01

5.84E-01

5.84E-01

± 10%

5.55E-06 5.57E-06

5.58E-06

5.54E-06 5.57E-06 5.59E-06 5.56E-06

5.57E-06

5.57E-06

Human toxicity, non-canc. [CTUh]

± 10%

2.18E-05 2.19E-05

2.20E-05

2.18E-05 2.19E-05 2.20E-05 2.17E-05

2.19E-05

2.21E-05

Ozone Depletion Air [kg CFC11-Eq.]
Resources, Fossil fuels [MJ surplus
energy]
Smog Air [kg O3-Eq.]

± 10%

2.12E-05 2.12E-05

2.12E-05

2.11E-05 2.12E-05 2.13E-05 2.12E-05

2.12E-05

2.12E-05

± 10%

1.79E+02 1.79E+02 1.79E+02 1.78E+02 1.79E+02 1.80E+02 1.79E+02 1.79E+02 1.79E+02

± 10%

1.67E+01 1.68E+01 1.69E+01 1.67E+01 1.68E+01 1.69E+01 1.68E+01 1.68E+01 1.68E+01

1.97E-01

1.95E-01 1.96E-01 1.96E-01 1.95E-01

1.96E-01

1.97E-01
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Table S42. Sensitivity analysis of main contributors to produce one kg neodymium metal at Fujian Changding facility in China.
Electricity
TRACI Categories

Variation

Nd Fluoride

Molybdenum

Low

Base

High

Low

Base

High

Low

Base

High

Acidification [kg SO2-Eq.]

± 10%

1.01E+00

1.02E+00

1.03E+00

1.02E+00

1.02E+00

1.03E+00

1.02E+00

1.02E+00

1.02E+00

Ecotoxicity [CTUe]

± 10%

4.45E+02

4.47E+02

4.48E+02

4.45E+02

4.47E+02

4.48E+02

4.30E+02

4.47E+02

4.63E+02

Eutrophication [kg N-Eq.]

± 10%

2.30E-01

2.32E-01

2.33E-01

2.31E-01

2.32E-01

2.32E-01

2.27E-01

2.32E-01

2.36E-01

Global Warming Air [kg CO2-Eq.]
Human Health Particulate Air [kg
PM2,5-Eq.]
Human toxicity, cancer [CTUh]

± 10%

1.20E+02

1.21E+02

1.23E+02

1.21E+02

1.21E+02

1.22E+02

1.21E+02

1.21E+02

1.21E+02

± 10%

5.89E-01

5.91E-01

5.92E-01

5.88E-01

5.91E-01

5.94E-01

5.90E-01

5.91E-01

5.91E-01

± 10%

5.88E-06

5.90E-06

5.91E-06

5.87E-06

5.90E-06

5.92E-06

5.86E-06

5.90E-06

5.93E-06

Human toxicity, non-canc. [CTUh]
Ozone Depletion Air [kg CFC11Eq.]
Resources, Fossil fuels [MJ surplus
energy]
Smog Air [kg O3-Eq.]

± 10%

2.91E-05

2.93E-05

2.94E-05

2.92E-05

2.93E-05

2.94E-05

2.84E-05

2.93E-05

3.02E-05

± 10%

2.14E-05

2.14E-05

2.14E-05

2.13E-05

2.14E-05

2.15E-05

2.14E-05

2.14E-05

2.14E-05

± 10%

1.81E+02

1.81E+02

1.81E+02

1.80E+02

1.81E+02

1.82E+02

1.81E+02

1.81E+02

1.81E+02

± 10%

1.70E+01

1.71E+01

1.72E+01

1.70E+01

1.71E+01

1.72E+01

1.71E+01

1.71E+01

1.71E+01
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Table S43. Sensitivity analysis of main contributors to produce one kg neodymium metal at Ganzhou Chenguang facility in China.
Electricity
TRACI Categories

Variation

Nd Fluoride

Molybdenum

Low

Base

High

Low

Base

High

Low

Base

High

Acidification [kg SO2-Eq.]

± 10%

9.49E-01

9.55E-01

9.62E-01

9.52E-01

9.55E-01

9.58E-01

9.55E-01

9.55E-01

9.55E-01

Ecotoxicity [CTUe]

± 10%

3.63E+02

3.64E+02

3.64E+02

3.63E+02

3.64E+02

3.64E+02

3.54E+02

3.64E+02

3.73E+02

Eutrophication [kg N-Eq.]
Global Warming Air [kg CO2Eq.]
Human Health Particulate Air [kg
PM2,5-Eq.]
Human toxicity, cancer [CTUh]
Human toxicity, non-canc.
[CTUh]
Ozone Depletion Air [kg
CFC11-Eq.]
Resources, Fossil fuels [MJ
surplus energy]
Smog Air [kg O3-Eq.]

± 10%

2.04E-01

2.04E-01

2.05E-01

2.04E-01

2.04E-01

2.05E-01

2.02E-01

2.04E-01

2.07E-01

± 10%

1.14E+02

1.14E+02

1.15E+02

1.14E+02

1.14E+02

1.15E+02

1.14E+02

1.14E+02

1.14E+02

± 10%

5.74E-01

5.75E-01

5.76E-01

5.73E-01

5.75E-01

5.77E-01

5.75E-01

5.75E-01

5.75E-01

± 10%

5.60E-06

5.61E-06

5.62E-06

5.59E-06

5.61E-06

5.62E-06

5.59E-06

5.61E-06

5.63E-06

± 10%

2.44E-05

2.45E-05

2.46E-05

2.44E-05

2.45E-05

2.46E-05

2.40E-05

2.45E-05

2.50E-05

± 10%

2.11E-05

2.11E-05

2.11E-05

2.10E-05

2.11E-05

2.12E-05

2.11E-05

2.11E-05

2.11E-05

± 10%

1.78E+02

1.78E+02

1.78E+02

1.77E+02

1.78E+02

1.78E+02

1.78E+02

1.78E+02

1.78E+02

± 10%

1.64E+01

1.65E+01

1.65E+01

1.64E+01

1.65E+01

1.65E+01

1.65E+01

1.65E+01

1.65E+01
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Figure S1. Contributions of dominant input materials/processes to TRACI categories
during neodymium refining by molten salt electrolysis at Fujian Changding facility in
China.

184

100%

Contribution

80%

60%

40%

20%

0%

Electricity

Neodymium Fluoride

Molybdenum

Steel

Figure S2. Contributions of dominant input materials/processes to TRACI categories
during neodymium refining by molten salt electrolysis at Ganzhou Chenguang facility in
China.
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Figure S3. Contributions of dominant input materials/processes to TRACI categories
during gadolinium ferrous alloy by calciothermic reduction at Ganzhou Chenguang facility
in China.
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Figure S4. Contributions of dominant input materials/processes to TRACI categories
during samarium metal by lanthanometric reduction at Ganzhou Chenguang facility in
China.
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Figure S5. Percentage contribution of process stages for 1 kg Nd metal production at
Ganzhou Chenguang refining facility from Bayan Obo deposits.
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Figure S6. Percentage contribution of process stages for 1 kg Nd metal production at Fujian
Changding refining facility from Bayan Obo deposits.
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